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Adaptive IR Filtering:
Available Results

by Juan E. Cousseau

bstract—Adaptive IIR filtering remains as a potential

tool for complexity reduction in many different areas
of signal processing. Misunderstanding and misconception
have normally led to the idea that, if compared with the FIR
counterpart, adaptive IIR filters are not robust or cannot
achieve performance requirements in almost all the inter-
eSting applications' ... continued on Page 3
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ADAPTIVE
IR

Adaptive Filtering . . . continued from front cover

The purpose of this report is F I L I E R I N .
twofold: to review briefly recent re- m

sults that indicate nice rational ap-
proximation properties of known

methods and to discuss, also briefly,
research being developed in this

malfter.

Introduction
As widely known, research in ES' | L I S
adaptive IR filtering was pursued

following two differentiated research
lines: stability theory [1, 2] and sys-
tem identification theory [3]. The example channel estimation or ech
first line, closely related to tuning as- cancellation, is usually degraded or a
pects of adaptive control, was aimedleast biased.
at intrinsic stability properties of the On the other hand, classical result
filter's parameters being estimatedrelated to rational approximation
without regarding specific model ap- theory [8-10] prove to be useful to
proximation issues. As a result of in- describe the general performance o
tensive work, a rigorous, completethe second main research line, i.e.
and useful theory was obtained. Inthose algorithms obtained from syste
spite of a restrictive condition im- identification theory. Perhaps the mai
posed on the modeled system, the alaspect to be solved in this line is to
gorithms obtained found wide appli- obtain suitable convergence speed pe
cation in many diverse areas [4, 5].formance that accompanies the nic
A representative exponent of this re-approximation properties.
search line is theyperstable adaptive After an introduction of basic al-
filter (HARF) [6] or its useful gorithms in the following section of
simplifications [7]. this brief overview, some key results

Unfortunately, reduced order con- obtained from rational approximation
texts, i.e., model approximation as-theory concepts are included in th
pects, were not contemplated in thisthird section. Finally, in the fourth sec-
family of algorithms. As a result, de- tion a discussion of adaptive IIR
spite the estimation parameter’s stabilfiltering applications, that motivate this
ity being maintained, mean squared erletter, is presented in addition to com-
ror (MSE) performance in typical sys- ments addressing current researc
tem identification applications, as for lines in this area.

... continued on Page 4
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=1 =] Figure 2. Mean square output error surface, sufficient order
system identification, SGL realization.
Adaptive Filtering . . . continued from Page 3

Prediction Error Methods [3], E{(d(n) —§(n)} = E{(H(?) -

and Related Algorithms H(2)}.

Prediction error methods are a® Mean square equation error (MSEE)
paradigm of system identification [11], E{( A,(2)d(n) — B(2)x(n))?.
the.ory because statis_tically efficie_nt, Mean square Steiglitz-McBride error
estimates can be obtained under wide - d(n)
general conditions [3]. Adequateness (MSSME) [12], E{( AM(Z)W -
of these methods for adaptive filtering, B (2203
i.e., use of constant step size and lim- "7 A@®
ited information about model order, « Mean square (master) slave error
gives place to many algorithms. (MSMSE) [13], first step (master

In order to obtain an approxima- error) minimize E{(d(n) — §(n))*} =
tion H (2) (or y(n) = g\% x(n) with the

E((d(n) — 22 X))} with 8,)

input-output description) of an stable, of order2N and An—l(z) fixed: sec-

but unobservable, transfer function

H(2) (ord(n) = H(2) x(n) + v (n), v (n) ondAstepA (sIaveA error), minimize
measurement noise), the following mini- E{ (A, (2) y(m) — C,.(2x(m))*}.
mization criteria have been proposed. Except for the latter criterion (a

» Mean square output error (MSOE) double error method with a two-step al-
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gorithm), the basic stochastic gradientoy V(2), i.e., f (2) =V(29(2), for some
updating algorithm associated can bey(z) 0O #,. This null inner product is

written as

&(n +1) =6n) + penje(n) point analysis. LeH (2) have degree
wheref(n) = [&(n), -~ ay(n), (N), N anda,,..., a, be the poles of

-+, by (N)]is the parameter vector (de- H (2. Indeed, leto,, be the mini-
nominator and numerator coefficientsmum singular value of the Hankel
respectively) u is the step size and matrix related tdi(2) and let the in-
@n)ande(n) are, respectively, the re- put x(n) be white noise. Then some
gressor vector and error defined forresults from this theorem follow:
each criteria as described in Table 1 ~ . :
Withk= 0, N,j =1, Nandi = * MSOE [17], H (2 is a stationary
0, -, 2N). point of the MSOE if and only if
Rational Approximation Results H(2) - |—A|L2 (2 =2 [V@]q2

Methods introduced in the previ-  for someq(2) O #,, whereV(2) is

ous section represent different approxi- the all-pass function whose poles
mations toH(z). Minimization using

the LMS-like update equation leads to
very different conceptual estimates. An
elegant tool to analyze stationary con-

closely related to a general stationary

coincide with those oH L, (2. Thus

H(ag) = Hy (a;?)

vergence points for these methods is M (z
the Beurling-Lax Theorem [14, 15] H(2) NG
related to properties of a particular de- 0z z=ait 0z z=ait

composition of Hardy spaces [16] .
(i.e., bounded and causal Hilbert fork=1,- N Also, tt1e global mini-
spaces). mum satisfiesH(2) — H,(2)1,< Ons1-
Specifically, leV(2) be a stable all-
pass transfer function of minimum de-

... continued on Page 6

greeN, and letA, b, g, v,) be a bal- Table 1

anced realization of(z). Furthermore, Algorithm @(n) e(n)

let 6(2) = z(z| —A)b, where theN x -

N matrix A and theN x 1 vectorb are MSOE RPN (A -3()

such that the pai\; b) is completely MSEE d(n= ). x(n-k) (A (2)d(n) - B, (2)x(m)

controllable and the eigenvaluesAof dn-1) x(nk) )

coincide with the zeros 6(2). MSSME AD T AG (d() = ¥(m)
Then, f (2) O #, satisfies MSMSE (step 1) % (d(m) =)

<C(2), f(2>=0 . o
if and only if f (2) is causally divisible | or (1P 2)| - Hmixm-ly (A @M~ G @xXm)
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L7, PR 05 reduced order system identification.

Adaptive Filtering ... continued from Page 5

« MSSME [18], without considering minimumﬁLZ(z), itis possible to obtain

measurement noise(n), if H @isa I L2 - H 2, <2041
stationary point of the MSSME then | MSEE [19], without considering

H@) - H(@ :Z:l V(E)g(z) measurement noiséq (2) is a sta-
[HQHEZ)]+ — [H@H @)+ tionary point of the MSEE if and
= ZV(@q(2 only if
€2, V(292> = 0
for someg(2), q(2 O #, and where < ) it
[]+ is the strict causal part. This re- Where, in particulag(z) = A(z). Then
sult can be interpreted as h = hk
H(ait) = H(ait) (H(0) =H(0)
e 5 = =52 2
flag = raz L 'A(ejw)'
Z|=1I k Z|:1I k

o fork=0, 1,---, N, where o2 is the
wherek =1, -, N, re =% minimum MSEE.
and fﬁZf’_oﬁﬁw- Indeed, and most B_r_iefly, _these reSl_JIts have many
= significant interpretations. In spite of
R stability properties of the estimates
the SM method|H(2) —H(29)Il, < gy,,.  under certain constraints, MSEE is
Relating this to the MSOHRglobal not very useful with undermodeling

.. continued on Page 9

importantly, at any stationary point of




SENSE YOUR WORLD BETTER:

M ULTISENSOR/|I NFORMATION FUSION

by Lang Hong

very day we are immersed in amultisensor/information fusion task.

world full of information of all Example TwoEach sensor is de-
kinds and we use different sensors teigned for a particular functionality
extract the information we need andand will deliver the best performance
convert it to a form that is useful to us.
However, available information could
be partial, erroneous or even contra- Meter |
dicting, and the sensing device that we
use could be inaccurate. To better ex-
plore our environment, we usually em-
ploy multiple sensing devices with dif-
ferent characteristics and use them at", i
different locations/times to get better
spatial/temporal coverage. Then we tr
to combine the information from all
sensors with the hope that a better un-
derstanding of the environment can be
achieved, which is exactly the purpose
of multisensor/information fusion.
Multisensor/information fusion is an
emerging and multidisciplinary tech-
nology and its applications include re- I
mote sensing, robotics, medical diag-
nosis, manufacturing automation,
ocean surveillance, law enforcement,in the application if that functionality
air-to-air/surface-to-air defense, battle-is emphasized. In this example, we
field command and controC€) mis- have two kinds of sensors for an air
sion, and long-range strategic warningdefense application: radar and forward
and defense [1]. In the following, two looking infrared (FLIR). The surveil-
examples of multisensor/information lance accuracy of radar and FLIR is il-
fusion are given. lustrated in the upper left and right por-

Example Ongln this example, we tion of Fig. 2. A typical pulsed radar
will try to measure a voltage source.has high accuracy in measuring ranges
We have three meters at hand, each aind poor accuracy in measuring
which has a certain accuracy, say 2%angles. On the other hand, a FLIR sen-
5% and 10%. After reading the meters,sor can measure angles accurately, but
we would like to use all three readingsperforms poorly on measuring ranges.
in such a way that a best estimate oBy fusing radar and FLIR sensors, we
the actual voltage is derived. The sensean get accurate measurements in both
of bestwill be discussed later. In this ranges and angles, as illustrated in the
example, we actually perform a simplelower part of Fig. 2.

... continued on Page 8
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Figure 1. Measuring a voltage source by three mete‘.



Radar Forward looking infrared (FLIR)

Target report

LOS Target report

S Azimuth LOS
ant range uncertainty
uncertainty -r'/
Target Slant range
Elevation _-* report uncertainty
uncertainty
Azimuth
Target uncertainty
report
Elevation
Absolute uncertainty uncertainty
o int i
region inter section Radar absolLte
uncertainty
region
FLIR absolute
uncertainty
region
Figure 2. Fusing radar and FLIR sensors; adapted from [1].
Sensing Your World . . . continued from Page 7 The above benefits can be

In general, by using multisensor/in- grouped into two major categories in
formation fusion, one would expect to which multisensor/information fu-

achieve the following benefits: sion is used: (1)nformation aug-
* Robust operational performance mentation and (2)uncertain man-
» Extended spatial coverage agement The first category is re-
» Extended temporal coverage ferred to as the situation where sen-
* Increased confidence sors’ sensing spaces (either spatial or
* Reduced ambiguity temporal) do not overlap (or overlap
* Improved detection performance a little). In this situation, each sen-
» Enhanced spatial resolution sor provides a unique information di-
* Improved system operational reli- mension to the application, and fus-
ability ing information increases the overall
* Increased dimensionality sensor space dimensionality and ex-

... continued on Page 12



Adaptive Filtering . . . continued from Page 6 contemplated) is not well understood
problems. In addition, measurementyet; and specific results are con-
noise in MSEE introduces biased es-strained to ODE analysis [3]. From
timates. Onthe other hand, local the specific point of view of adaptive
minima of MSOE are not a problem ||R filters, the structural problem of
using the MSSME. However, MSSME small step size (that leads to slow
estimates are biased with colored meaconvergence speed) in order to cope
surement noise. An interesting, but notwith high modulus poles does not
fully analyzed, composed error have a clear solution [22]. A recent
method, the MSMSE, seems to be adstrategy proposed [23] to solve this
equate to solve the bias problem usingroblem exchanges computational
suitable modifications [20, 21]. complexity for convergence speed.
Final Discussion: Low Complexity On the other hand, realizations
vs. Fast Convergence Speed are a very important factor to con-

The most demanding problem in Sider if convergence speed is the

adaptive IIR filtering at this moment Main concern. Intrinsic stability

seems to be convergence Characte,.pro.perties of lattice realiza.tions [1.8]
ization. In fact, convergence with indicate that, from a practical point

MSSME criterion (the more suitable ©f view, they are suitable for adap-
choice if modeling aspects need to be ... continued on Page 10

RG ODE Trajectories

Figure 4. ODE trajectories of the RG algorithm using sufficient order system identification.
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Figure 5. ODE trajectories of the RG algorithm, reduced order system identification.

Adaptive Filtering . . . continued from Page 9 gradient lattice rea”zatior(SG L)
tive IIR filtering. However, conver- [18] (Fig. 2). Atypical MSOE surface

gence analysis (and specifically con-for the insufficient order case (first or-
vergence speed performance) isder adaptive filter) using the direct re-
difficult with this parameterization alizations is illustrated for the same ex-
and, in addition, lattice IIR filters are ample in Fig. 3. This example shows
not necessarily faster than other or-a typical multimodal surface.
thogonal realizations [24]. On the other hand, convergence
In order to illustrate some mean- behavior can be studied using the or-
ingful results, we present an exampledinary differential equation (ODE)
in a system identification setup for associated [3]. Figure 4 shows the
both sufficient and insufficient order ODE trajectories using threcursive
adaptive IIR filters. For this purpose gradient algorithm(RG) [3] in a
the MSOE surface for a sufficient or- sufficient order setup corresponding
der case (second order) is depicted ino Fig. 1. Typical ODE trajectories
Figs. 1 and 2. The realizations con-using the recursive gradient algo-
templated were the direct form real-rithm and the on-line Steiglitz-
ization (Fig. 1) and thesimplified McBride algorithm [22] for a re-



duced order system iden-tification strategy among adaptive IIR filtering
case (corresponding to the MSOE oftechniques [27]. Interference cancel-
Fig. 3) are depicted in Figs. 5 and 6.lation applications, as for example
For this case of very different local echo cancellation, is also a possible
and global minima of the MSOE, the application if the compromise be-
Steiglitz-McBride method reach es- tween low complexity and fast con-
timates that in all cases approximatevergence speed can be solved ad
very well the global minimum. equately [28].

Adaptive IIR filtering, like other References
parameter estimation techniques, haﬁ] I. D. Landau, “Unbiased Recursive
been used in many application areas.  |denti-fication Using Model Reference
As general application examples, of  Techniques” IEEE Transactions on
potential interest are short training ﬁg;oggztiCASOSsttrC;'QV70é- AC-21, pp.
C.hannel es_tlmatlon ba.sed equal|za-[2] C. R. Joﬁnsognl_ectures On Adaptive
tion techniques for wired [25] or Parameter EstimationEnglewood-
even wireless communications [26]. Cliffs: Prentice-Hall, 1988.
Detection oriented notch filters seem([3] L. Ljung and T. Séderstrémlheory
to constitute the best recognized ... continued on Page 26

SM ODE Trajectories
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Figure 6. ODE trajectories of the on-line SM algorithm, reduced order system identification.

11



12

Surveillanceregion 1

Surveillanceregion 2 ) ) )
naturally desired that information

from all sensors be fused to provide
the best description of the object/pro-
cess. To do so, certain preprocessing
is needed, such as information reg-
istration/alignment and coordinate
transformation. There are all kinds of
uncertainties involvedsensing de-
vice uncertainty, environment uncer-
tainty,a priori information uncertainty

Multisensor/ about the sensed object/process, etc.

information fusion

Lead

The objective of multisensor/infor-
Wingman mation fusion is to minimize the im-
pact of uncertainties and get the most
information out of the sensors. In
example one, sensor uncertainty is
meter accuracy; and the best overall

Figure 3. Information augmentation. reading is derived by Weighted aver-

aging where each meter reading is

Sensing Your World ... continued from Page 8 weighted by the reciprocal of the
tends spatial and temporal coveragemeter’s uncertainty (accuracy),
An example of information augmen- which has been proved to be the best
tation is given in Fig. 3, where Lead solution. Ifa priori information
and Wingman search in different sur-about the voltage source is available,
veillance regions. By fusing infor- this a priori information can be in-
mation from both sensors, an ex-corporated by weighting it with the
tended surveillance region isreciprocal of the information uncer-
achieved. Performing multisensor/tainty. Example two perfectly illus-
information fusion in the first cat- trates the concept of uncertainty re-
egory is relatively straightforward duction by fusing radar and FLIR.
and the related research is focused’he reduced uncertainty shown in
into so calledsensor management the lower part of Fig. 2 is a result of
which determines the strategy of de-the intersection of two sensor uncer-
ploying sensors and tuning sensorstainty volumes.
parameters such that the best infor- Generally speaking, a multisensor/
mation is sensed. information fusion approach involves

The second category actually isthree components: information repre-
the one in which ascience of sentation, uncertainty description and
multisensor/information fusione- optimization methodInformation
sides. The scenario of this categoryrepresentation is referred to as
is that all sensors measure the samehoosing the best format and best
interest of the object/process fromlevel of detail to represent informa-
different locations/times. So it is tion of interest, while uncertainty de-
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A Object/process of interest

L

scription addresses the way we de
scribe uncertainty of information.

sensor 1

sensor N

Optimization is needed either tg
maximize overall information or to
minimize overall uncertainty, ac-
cording to some criteria. A generig
multisensor/information fusion

« information extraction

« information formation

* preprocessing

e uncertainty description

« transfor mation/alignment

« information extraction

e information formation

* preprocessing

e uncertainty description

« transfor mation/alignment

scheme is shown in Fig. 4.
There are different ways of de-

scribing uncertainties, such as prob-

ability, fuzzy sets, belief sets, en-

tropy, and neural nets, which lead to

different branches of multisensor/in-
formation fusion. Also the dynamic
nature of information results in static
and dynamic fusion. When informa-

extracted l information

extractedl information

weight calculation
accor ding to uncertainty|

weight calculation
accor ding to uncertainty|

K data communication %

weighted combination (dynamic/static)

tion can be described by a set of pa- i

rameters, parametric fusion methods
are used and furthermore, if a model

fused information

can be defined, a model-based fusion

algorithm is preferred. In the follow-
ing, a list of different fusion methods
is provided [1, 2]:
» Model-based sensor/information fu-
sion algorithms
— Static
* Bayesian
* Fisher
* Weighted least squares
* Unknown-but-bounded
* Geometric approaches
— Dynamic

— Dempster-Shafer
— Markov random fields (MRF)
* Fuzzy set/fuzzy logic theory
* Information theoretic fusion algo-
rithms
— Cluster analysis methods
— Adaptive neural nets
— Voting methods
— Entropy methods
* Knowledge-based Al approaches

The above list is by no means
complete; as a new technology of in-

* Recursive weighted least squaresformation representation or uncer-

* Maximum likelihood

* Centralized Kalman filter

* Distributed Kalman filter

* Adaptive distributed Kalman
filter

* Regularization

tainty description emerges, a corre-
sponding new fusion algorithm will
be introduced.

There are several schemes of fus-
ing multisensor information, depend-
ing upon how sensor information is

« Statistical-based sensor/informationprocessed: centralized, distributed

fusion algorithms
— Maximum likelihood
— Bayesian

and hierarchical [3]. In centralized
fusion (Fig. 5), all raw measurement
data are pooled into a central unit

... continued on Page 14

Figure 4. A generic multisensor/information fusion schemI.
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_‘ obj ect/process of interest
Figure 5. Centralized fusion. Jectip

¥ ¢ @

sensor 1 Sensor i sensor N
sor fusion could result in an optimal
measurements measurements / fusion algorithm, and therefore is
data communication link often considered as a benchmark of
coordinate mapping, registration, etc. optimality. However, there are a few
drawbacks associated with the cen-
l tralized fusion scheme, such as
higher requirements on the commu-
nication network, high computa-
tional complexity at the central fu-
sion unit, and poor fault tolerance to
sensor and processor failures.
_ _ The distributed fusion scheme
fused information (Fig. 6), on the other hand, processes
Sensing Your World . . . continued from Page 13 raw measurements and extracts use-
(after data alignment and coordinateful information locally at each sen-
transformation), and then fusion al- sor site and only transmits the ex-
gorithms are implemented at the cen-tracted information (e.g., first and
tral unit to generate fused informa- second moments) to the central unit.
tion. Theoretically, centralized sen- At the central unit, a simple compu-
4 Object/process of interest
sensor 1 Sensor i sensor N
| ! !
local processor local processor local processor
processed | processed
infor mation infor mation
data communication link
coor dinate mapping, registration, etc.
- Figure 6. Distributed fusion. l

fused infor mation



_4 Obj ect/process of interest

Figure 7. Hierarchical fusion.

¥ ¥ =2 ?

sensor 1 sensor i o sensor k sensor N
l lmeas.;rements measurement% i
local processor local processor
processed processed
information information

data communication link
coordinate mapping, registration, etc.

AN

rate for exchanging information, but
fusion still maintain high-quality global fu-
sion results. To achieve this, certain
l data compression is necessary before

fused information data communication. Wavelet trans-
forms have been proven to be effec-
tive for data compression. By utiliz-
tation is performed to fuse processedng the wavelet transform, we are
information. Since distributed fusion able to compress the data at a desired
overcomes the disadvantages of ceneompression rate, then transmit the
tralized fusion, it is more practical compressed data. At the receiving
and widely used. There is a third fu-site, we can nicely decompress the
sion scheme called hierarchical fu-data and perform sensor/data fusion.
sion which is in between centralizedThe amount of data to be com-
fusion and completely distributed pressed, as well as the data commu-
fusion (Fig. 7). Inthis scheme, cen- nication rate, depends on the infor-
tralized fusion is performed in a group mation dynamic behavior of the ob-
of sensors and distributed fusion isject/process of the interest. When
then carried out among groups. applied to multisensor multitarget
Today’s improved sensor tech- tracking, the compression rate and
nology and computing capability en- data communication rate adapt ac-
ables us to have high signal samplingcording to target kinematicgor in-
rates and fast computation capabil-stance, a larger amount of data is com-
ity locally at each sensor platform. pressed and communicated at a low
To achieve high quality global sen- rate for tracking nonmaneuvering tar-
sor/information fusion results, it is gets. Nodata compression is per-
desired to communicate the localformed and the communication rate
data (e.g., estimates and their covais high when tracking maneuvering
riance matrices) among the platformstargets [4].
at a high rate. However, since data As the scale of the sensor system
traffic through communication links and the volume of data to be pro-
is getting busier and busier in a mod-cessed increase, an effective way of
ern multisensor system, it is desiredstoring, indexing and retrieving data
to cut down the data communicationbecomes necessary. Database man-

... continued on Page 28
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by Eby G. Friedman
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ON-CHIP INTERCONNECT NOISE IN
Deep SusMiIcROMETER CMOS
NTEGRATED CIRCUITS

he performance of integrated

circuits (ICs) has been increas-
ing exponentially due to the scaling
of on-chip devices and interconnec-
tions along with new chip architec-
tures and design methodologies, as
graphically displayed in Fig. 1. Now
a single IC can contain an entire sys-
tem (a system-on-a-chip (SOC)); and
the on-chip interconnections appear
more like multi-chip modules (MCMs)
and printed circuit boards (PCBS):
with many interleaved signal layers
and multiple planes of interconnect.

As the feature size of on-chip de-
vices and interconnections scales
down to very deep submicrometer
(VDSM) dimensions, the chip size
has also increased, while the operat-
ing frequencies have begun to ex-
ceed a gigahertz. Serious on-chip
electrical problems are being en-
countered in these high speed,
VDSM high complexity circuits.
These problems include signal distor-
tion along coupled interconnect lines,
voltage variations in the power supply
distribution, and substrate coupling,
each of which is a major source of
on-chip noise in VLSI circuits.

The termnoisein the context of
digital VLSI systems has come to
meanunwanted variations of the
voltages and currentat various

Figure 1.Moore’s law—exponential increase in circuit integration and clock frequencyhodes within a circuitThis noise



Figure 2. Noise margins are reduced due to technology scaling.
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becomes significant in digital cir- noise has increased in importance
cuits when the noise signal causes insuch that on-chip noise has become
correct switching in logic states, one of the primary threats to contin-
thereby dissipating extra power, de-ued growth in integrated circuit den-
laying switching times, and poten- sity and performance.

tially creating catastrophic faults. The noise margin in VDSM static
Noise in a CMOS integrated circuit CMOS VLSI circuits has decreased
is the interference signal induced bysince the power supply voltage has
signals on neighboring wires or from been scaled down by two to three
the substrate. This noise is differenttimes in order to maintain a constant

from theintrinsic noise generated by .. continued on Page 18
FETs or other active device compo-
nents. Noise is essentially anpre- Eby G. Friedman received the B.S. degree from Lafayette College in 1979, and

dictabl d q h the M.S. and Ph.D. degrees from the University of California, Irvine, in 1981 and 1989,
ICtable andran Om p. enomenon. respectively, all in electrical engineering. From 1979 to 1991, he was with Hughes
The randomness originates from theaircraft Company, rising to the position of manager of the Signal Processing Design
complexity of the on-chip circuits and Test Department, responsible for the design and test of high performance digital
d int ti and analog ICs. He has been with the Department of Electrical and Computer Engi-
andin erconnec 1ons. neering at the University of Rochester since 1991, where he is professor, director of
One major advantage of CMOS the High Performance VLSI/IC Design and Analysis Laboratory, and director of the
digital circuits in a noisy environ- Cen'ter _for Electronic Imaging Systems_. _His current resgarch a_nd teaching inter_ests
t is that t CMOS ci it are in high performance synchronous digital and mixed-signal microelectronic design
ment IS a_ mos . ) CI':CUI S and analysis with application to high speed portable processors and low power wire-
have a relatlvely hlgh Immunity tO less communications. He is the author of more than 125 papers and book chapters and
i the editor of three books in the fields of high speed and low power esign tech-
| Is h d d. thi d t nigues, high speed interconnect, and the theory and application of synchronous clock
eve S ave ecreased, tnis advantaggsyipution networks. Dr. Friedman is on numerous editorial boards and technical pro-
has diminished. Thus, the problem Ofgram committees and is active within the IEEE Circuits and Systems Society.
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On-Chip Noise .... continued from Page 17 making the impact of noise on circuit

electric field: however, the threshold Performance, until recently consid-
voltages of the MOS devices have€red to be a second-order effect, a
been decreased at a much Sma”eﬁgndgmental integrated cir_cuit de-
rate in order to control the magnitudeSign issue. Furthermore, with tech-
of the subthreshold currents, asnology scaling, physically close on-
graphically shown in Fig. 2. More- chip interconnections, and the more
over, the noise immunity of a dy- aggressive use of mixed-signal cir-
namic CMOS VLSI circuit is even Cuits which are more sensitive to
poorer than its static counterpart be-N0IS€, the intrinsic noise immunity of
cause the switching threshold of aCMOS is no longer sufficient to pro-
dynamic circuit is the threshold of a tect against the inherent noisiness of
single transistor. Therefore the noiseNigh density, high speed SOCs.
margin of both static and dynamic  Both the power supply distribu-
circuits has been significantly re-tion and signal distortion along

duced in VDSM CMOS circuits, thus coupled interconnect lines are inter-
connect-related problems. Intercon-

_ ] nections in CMOS integrated circuits

are multi-conductor lines existing on
different physical planes. The para-
sitic impedances of these conductor
lines can be extracted from the geo-
] metric layout. The coupling capaci-
tance is physically a fringing capaci-
tance between neighboring intercon-

o N |

L 23 nect lines, and strongly depends
upon the physical structure of the ad-
L 13 L 15 jacent interconnections. For parallel

metal lines on the same layers, the
fringing capacitance will increase as
the spacing between the interconnec-
tions decreases and the thickness-to-
width aspect ratio of the interconnec-
tion increasesDue to the screening
effect of low-level interconnect, the

Cl3 C12
—-—C; — G

7777777777 7777777777 metal-to-metal coupling capacitance

among different layers also contributes

© : .
to the total coupling capacitance.

Figure 3. Coupled on-chip interconnections. (a) and (b) demonstrate the Due to the fast waveforms in
scaling of interconnect. (¢) An equivalent circuit characterizes both capacitive . . .
coupling and inductive coupling among adjacent interconnect lines ?”gh Speed CMOS VLSI circuits,
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particularly if the transition times are pacitance and inductance. Moreover,
comparable to, or less than, the timeaf the interconnect is modeled as a
of flight delay of the signal through distributedRLCine, reflections oc-
the line, the effects of interconnectcur due to discontinuities along the
inductance should also be consideredransmission lines. The active tran-
within the interconnect model. The sition on an aggressor line can cause
on-chip inductance in CMOS VLSI a voltage or current change on the
circuits is a highly complex circuit adjacent victim line, as shown in Fig.
element. The self-inductance is4. The signal distortion due to the
physically related to a current loop. coupled interconnect can be consid-
The silicon substrate cannot be mod-ered as a component of the total in-
eled as an ideal ground plane beterconnect coupling noise.
cause of the penetration of the mag- Coupling noise between and
netic field and the high resistivity of among adjacent interconnects can
the silicon substrate. The current re-cause two types of disastrous effects
turn path further complicates the pro-on the logical functionality and long-
cess of accurately determining theterm reliability of a VLSI digital cir-
on-chip inductance. There are twocuit as shown in Fig. 5. One effect is
current paths, the nearby groundincreasing the load on the CMOS
lines and the silicon substrate. Theredogic stage, effectively increasing the
fore, inductive coupling can extend delay [see Fig. 5(a)]. The second ef-
across great distances (in the contextect is coupling a signal of suffi-
of VDSM semiconductors) by cou- ciently high voltage as to momen-
pling through the substrate and the . continued on Page 20
common power lines. The intercon-
nect should therefore be modeled as
a lossyRLC transmission line when
designing high frequency circuits.

There are two coupling mecha-
nisms in high speed VDSM VLSI
circuits, i.e., capacitive coupling and
inductive coupling, as shown in Fig.
3. The coupling capacitance and in-
ductance change the effective load
capacitance and inductance of a i
CMOS driver depending upon the G I

— Coupling noise

Aggressor

signal polarity. This effect signifi- o
cantly changes the transient responseActive signal =
of a CMOS logic gate as compared

. . . Figure 4. Active transition on an aggressor line causes
to not considering the coupling ca- g 99

coupling noise voltage on a victim line.

19
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On-Chip Noise ... continued from Page 19 capacitive loadssociated with the in-
tarily turn on a logic gate, wasting ternal circuitry is increasing in both
power or, more significantly, latching current and next generation VLSI cir-
an incorrect state into a bistable reg-cuits. As the operating frequency in-
ister [see Fig. 5(b)]. Coupling effects creases, the average on-chip current
become more significant as the featureequired to charge (and discharge)
size is decreased to VDSM dimen-these capacitances also increases,
sions (less than 0.2Bm effective while the time during which the cur-
channel length) because the spacingent is being switched decreases.
between conductor lines is decreased herefore, a large change in the total
and the thickness of the conductors ison-chip current occurs within a short
increased in order to reduce the paraperiod of time.

sitic resistance of the conductors. Not  The primary sources of the current
only may the coupling noise increasesurges are the 1/O drivers and the in-
the delay of the logic gates, if the peakternal logic circuitry, particularly those
noise voltage at the receiver exceedgates that switch close in time to the
the threshold voltage of the CMOS re-

ceiver, the noise may cause a circuit —  With coupling

to malfunction. Furthermore, the in- ‘o 4 — Without coupling

duced noise voltage may cause extra
power to be dissipated on the quiet

line due to momentary glitches at the 50%
output of the logic gates. Carrier in-
jection or collection into the substrate

may occur as the coupling noise volt-

age rises above the power supply volt- t

age or falls below ground. These del- (a) Delay uncertainty on an active interconnect line.
eterious effects caused by the coupling

noise voltage become aggravated ag, V  — Signd onanactiveline
the relaxation time, the time for the Ve 4 — Couplingnoiseonaquietline
coupling noise to reach a steady state
voltage, increases.

Proper design of the power distri-
bution network can reduce the effects Ve
of both the chip/package interface
bonding wires and the on-chip para-
sitic inductance of the power rails
which cause simultaneous switching (b) Coupling noise voltage on a quiet interconnect line.
noise(SSN—also known as Delta-I Figure 5. Effects of on-chip interconnect
noise or ground bounce). The total coupling noise.

t
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clock edges. Because of the self-induc-
tance of the off-chip bonding wires and Vo
the on-chip parasitic inductance inher-
ent to the power supply rails, as sche-
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matically shown in Fig. 6, the fast cur- g
rent surges result in voltage fluctua-
tions in the power supply network. Si-
multaneous switching noise originat-
ing from the internal circuitry is be-
coming an important issue in the de-
sign of very deep submicrometer

(VDSM) high performance micropro- Cs ==

cessors. For example, at gigahertz op-
erating frequencies and high integra-
tion densities, power dissipation den-
sities are expected to approach 20W/ (b)

Lo
NMOS I
Ris :

Figure 6. On-chip simultaneous switching noise.
Lvss (a) Physical layout of a CMOS logic gate.
(b) An equivalent circuit of on-chip power
supply rails.

= Gnd

cn?, a power density limit for an air-
Vad cooled packaged device. Such a power
density is equivalent to 16.67 amperes
of current for a 1.2V power supply in
a 0.Jum CMOS technology. Assuming
that the current is uniformly distributed

along a 1cm wide anduin thick Al-

Cu interconnect plane, the average
current density is approximately
1.67mAjum?. For a standard mesh
structured power distribution network,
the current density is even greater than
1.67mAjum?. For a 1mm long power
bus line with a parasitic inductance of
2nH/cm, if the edge rate of the current
signal is on the order of an overly con-
servative nanosecond, the amplitude of
theL di/dtnoise is approximately 0.35
volts. This peak noise is not insignifi-
cant in VDSM CMOS circuits. This in-
creased importance of on-chip simul-

taneous switching noise can be attrib-
(@) uted to faster clock rates, large on-chip

... continued on Page 29
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lan Alexander Young

For contributions to microprocessor circuit implementation and technology development.

lan Young received the B.E. and M. Eng. the development of DRAMs and high-speed
Sci. degrees in electrical engineering from SRAMs, CMOS and BiCMOS digital circuit
the University of Melbourne in 1972 and design techniques for microprocessors, phase-
1975, respectively. He received the Ph.D.locked loop clock generation and distribution
degree in electrical engineering from the for microprocessors, interconnect capacitance
University of California, Berkeley, in 1978. and device modeling, and also analysis of cir-

From 1978 to 1981 he worked for cuit design considerations in the development
Mostek Corporation, designing MOS inte- of process technology for five generations (1.0
grated circuits for telecommunications appli- um through 0.25um) of advanced micropro-
cations. From 1981 to 1983 he worked as arcessors. He holds 20 patents and has received
industrial consultant designing analog/digi- three Intel Achievement Awards.
tal MOS integrated circuits. In 1983 he Dr. Young was a member of the program
joined the Technology Development Group committee for the Symposium on VLSI Cir-
at Intel Corporation in Hillsboro, Oregon, cuits from 1991 to 1996, and was the sym-
where he is currently an Intel fellow and di- posium co-chair/chairman in 1997/1998.
rector of advanced circuit and technology Since 1992 he has been a member of the
integration. He is responsible for defining ISSCC program committee, serving as the
and developing future circuit directions and digital subcommittee chairman since 1996.
optimizing the manufacturing process tech-He was a guest editor for the December 1994,
nology for high-performance microprocessor April 1996, and April 1997 special issues of
products. Atintel he has been involved with theJSSC

llesanmi Adesida

For contributions to compound semiconductor devices and circuits.

llesanmi Adesida received the B.S., M.S., the Center for Compound Semiconductor
and Ph.D. degrees in electri@lgineering Microelectronics. His research interests in-
from the University of California, Berkeley clude nanoelectronics, high speed electronic
in 1974, 1975, and 1979, respectively. and optoelectronic devices and circuits.

From 1979 to 1984, he worked in vari- Dr. Adesida is treasurer of the Electronic
ous capacities in what is now known as theMaterials Committee and an elected member
Cornell Nanofabrication Facility and the of the administrative committee of the IEEE
School of Electrical Engineering at Cornell Electron Devices Society. He served as pro-
University, He was a reader and head of thegram chair of the 1994 Electron, lon and Pho-
Electrical Engineering Department at Tafawaton Beams Symposium and has also served
Balawa University in Bauchi, Nigeria, from as a committee member of IEDM, IPRM,
1985 to 1987. In 1987 he joined the Univer- EMC, and MRS Symposia. He has served as
sity of lllinois at Urbana-Champaign where associate editor and guest editor of tbar-
he is currently a professor of electrical andnal of Electronic MaterialsHe won a Best
computer engineering. In addition, he is a re-Paper Award at MNE’'96. He was awarded the
search professor in the Coordinated Scienc®akley-Kunde Award for Excellence in Un-
Laboratory, research professor of the dergraduate Education and was named a Uni-
Beckman Institute, and associate director ofversity Scholar at the University of lllinois.
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SOCIETY MEMBERS

Magdy A. Bayoumi
For contributions to application specific digital signal
processing architectures and computer arithmetic.

Magdy A. Bayoumi is Edmiston Profes- a member of the steering committee of this
sor of computer engineering in the Center forsymposium. Hevas associate editor of the
Advanced Computer Studies, at the Univer-Circuits and Devices MagazingheTransac-
sity of Southwestern Louisiana, where he hagions on VLSI Systemand theTransactions
been a faculty member since 1985. He re-on Neural NetworksHe is associate editor of
ceived the B.Sc. and M.Sc. degrees in electritheTransactions on Circuits and Systems—II
cal engineering from Cairo University, Egypt, Dr. Bayoumi was co-chairman of the
the M.Sc. degree in computer engineering fromWorkshop on Computer Architecture for
Washington University, St. Louis, and the Ph.D. Machine Perception, 1993, and is a membe
degree in electrical engineering from the Uni- of the steering committee of this workshop.
versity of Windsor, Canada. He was the general chairman for the 8th

Dr. Bayoumi's research interests include Great Lakes Symposium on VLSI, 1998.
VLSI design methods and architectures, low Dr. Bayoumi is associate editor -
power circuits and systems, digital signal pro-TEGRATION the VLSI Journa) and the

cessing architectures, parallel algorithm de-Journal of VLSI Signal Processing Systems Magdy A.
sign, computer arithmetic, image and videoHe is regional editor for th€LSI Design Bayoumi
signal processing, neural networks andJournal and on the advisory board of the

wideband network architectures. Journal on Microelectronics Systems Inte-
Dr. Bayoumi is Vice President for Tech- gration. Dr. Bayoumi has edited and co-edited
nical Activities of the IEEE Circuits and Sys- three books in the area of VLSI signal process-
tems Society. He is a founding member of theing. He served on the Distinguished Visitors
VLSI Systems and Applications Technical Program for the IEEE Computer Society,
Committee and was its chairman. He is the1991-1994. Havon the USL 1988 Re-
publication chair for ISCAS '99. He was the searcher of the Year award and the 1993 Dis-
general chairman for 1994 MWSCAS and is tinguished Professor award at USL.

Heiner Ryssel

For introduction of ion implantation technology into the German Semiconductor Indust

Heiner Ryssel received the Dipl.-Ing. development and basic implantation studies.
degree in electrical engineering in 1967, and  Since 1985 he has been professor of
the Dr.-Ing. degree in 1973, both from the electrical engineering at the University of
Technical University, Munich, Germany. Erlangen-Nuremberg, and director of the

From 1968 to 1972, he was with the In- Fraunhofer Institute of Integrated Circuits in
stitute of Technical Electronics, Munich, Erlangen. His main research topics are ion
working on GaAs epitaxy and ion implanta- implantation into semiconductors and met-
tion. In 1973, he joined the Institute of Inte- als, process modeling, and semiconducto
grated Circuits, Munich, where he worked on processing equipment. He has authored o
ion implantation in Si, Ge, and IlI-V com- co-authored more than 300 papers, written a
pounds. In 1974, he joined the Institute of book on ion implantation, and edited six
Solid State Technology, Munich, where he books. In 1998 he was awarded the Wilhelm
worked in the area of semiconductor deviceExner Medal of Austria.
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Book Review

by H. K. Kwan
Magnitude and Delay well as 2-D recursive digital filters.
Approximation of 1-D In Chapter 1, the author reviews
and 2-D Digital Filters the classical theory of approximating
Author: B. A. Shenoi only the magnitude of 1-D analog and
Springer Verlag, New York, NY digital filters. In Chapter 2, a large
(ISBN 3-540-64161-0) 1999 number of methods for designing 1-D

[IR filters that approximate a constant
delay, as well as both magnitude and
group delay, are discussed. The meth-
ods included in this chapter are based
on (a) the use of allpass filters con-
nected in cascade with filters that ap-
proximate prescribed magnitude re-
sponse; (b) the use of a mirror image
polynomial connected in cascade with
here are many available books onan all-pole filter that approximates a
signals and systems, analog anctonstant group delay, involving ana-
digital filters, and analog and digital lytical solutions as well as optimiza-
signal processing; but they focustion techniques for finding the coeffi-
mainly on the approximation of the cients of the mirror image polynomial;
magnitude response of recursive fil-(c) the use of only two allpass filters
ters. Most of them routinely discuss connected in parallel; (d) the use of
Butterworth, Chebyshev, and some-singular-value decomposition; (e) lin-
times Cauer or elliptic function re- ear programming; (f) the theory of
sponse of lowpass filters, followed by commensurate, distributed parameter
the frequency transformations used fometworks; and (g) the theory of eigen-
the design of highpass, bandpass anfilters. These methods, except the first
bandstop, and other forms of lowpassone, are fairly new and are found only
filters. Very little discussion on the in the professional journals. In Chap-
group delay approximation is found in ter 3, the author describes the approxi-
most of these books, and hardly anymation of only the magnitude of 2-D
discussion of the simultaneous ap-lIR filters. It contains a discussion of
proximation of the magnitude and 2-D filters having a magnitude re-
group delay responses. The same isponse in the passband and stopband
equally valid about the theory and de-regions that fall into three categories:
sign of 2-D recursive digital filters. (a) regions bounded by straight lines
The outstanding feature of this bookparallel to w and w axes, e.g. rectan-
is that it covers the theory of ap- gular regions; (b) regions bounded by
proximating the magnitude only, . ... continued on Page 27

th the mag-
g.rOUp delay Only’ and bo 9 H. K. Kwan is professor in electrical engineer-
nitude and group delay of 1-D aSing at the University of Windsor, Canada.
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Juan E. Cousseau

Adaptive Filtering . . . continued from Page 11 trol, vol. 28, pp. 912-924, 1984.
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methodologies, technologies, and

switching activities, and large on-chip Strategies for designing next genera-
currentsall of which are increasingly tion high performance VLSI circuits

common characteristics of a VDSM syn-Which both reduce and compensate for
on-chip interconnect noisé¢hereby

chronous integrated circuits.

Therefore, on-chip simultaneous Providing a high performance design ca-
switching noise has become an imporpablllty with improved signal integrity.

tantissue in VDSM integrated circuits.
On-chip simultaneous switching noise[1]
affects the signal delay, creating delay
uncertainty since the power supply
level temporally changes the local 2]
drive current. Furthermore, logic mal-
functions may be created and excess
power may be dissipated due to faulty
switching if the power supply fluctua- [3]
tions are sufficiently large. On-chip si-
multaneous switching noise must
therefore be controlled or minimized
in high performance integrated cir- [4]
cuits. The interconnect coupling noise
voltage and simultaneous switching
noise voltage both increase as the spac-
ing between conductor lines decreases,
the transition time of a signal de-
creases, the chip dimensions increase,
and the total on-chip current increases.
In the design of high speed VLSI g
circuits, it is of fundamental impor-
tance to have the capability of predict-
ing the effects of on-chip noise at the
system (or chip) level. This informa-
tion permits specific design techniques
to be used to avoid circuit malfunc-
tions or extra power consumption
caused by coupling noise. The design
cycle and cost will therefore be re-
duced, as well as the signal integrity
and circuit reliability improved. It is
therefore necessary to develop specific
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MPEG-4 is the most recent International Standard
coding multimedia objects. To energize the devel

op-
ment of MPEG-4 products and explore the full poten-
tial of MPEG-4 technologies, a Workshop/Exhibition
devoted to MPEG-4 will be held from May 28 to May

for

31, 2000 in Geneva, Switzerland. The Workshop/Ex- | *.*

hibition is sponsored by IEEE Circuits and Syste

Society in cooperation with the MPEG-4 Industry
rum. It will be co-located in time and place with |EE|
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(ISCAS 2000). It will include short courses on MPEG-
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and products using MPEG-4, and technical sessio
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the state-of-the-art research topics related to MPEG-4.
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for publication in a special issuel&EE Transactiong
on Circuits and Systems for Video Technol@sV7.
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