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Abstract: A wavelet collocation method with nonlinear auto—companding is proposed for behavioral modeling of

switched-current circuits. The companding function is automatically constructed according to the initial error distri-

bution obtained through approximating the input-output function of the SI circuit by conventional wavelet colloca—

tion method. In practical applications, the proposed method is a general-purpose approach, by which both the small

signal effect and the large signal effect are modeled in a unified formulation to ease the process of modeling and

simulation. Compared with the published modeling approaches. the proposed nonlinear auto-companding method

works more efficiently not only in controlling the error distribution but also in reducing the modeling errors. To

demonstrate the promising features of the proposed method. several SI circuits are employed as examples to be

modeled and simulated.
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1 Introduction

During the past one decade, switched-current
(SI) technique'" has been considered as a promis—
ing methodology for the monolithic implementation
of mixed analog and digital VLSI. With the re—
markable evolution of SI techniques, the need for
more advanced behavioral modeling technology of
the switched-current circuits has become increas—
ingly urgent. First, in top-down designs, the simu-

lation based on behavioral models can provide the
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necessary information for selecting correct archi-
tectures to implement the analog functions before
investing time in detail circuit implementation. Sec—
ond, in bottom-up verifications, because the behav-
ioral simulation is computationally cheap, it enables
designers to verify the complex system efficiently.
When modeling nonlinear SI circuits, we first
partition the whole system into building blocks.
Then the input-output function of each block is ex—
pressed as a nonlinear function'””*. Compared with
the conventional theoretical analysis method' ™",

. . . .14 . .
polynomial expansion approximation "~ is more effi-
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cient and flexible. Unfortunately, the polynomial
expansion approach cannot control the error distri-
bution efficiently and does not consider the large
signal effect'”.

Reference| 5] proposes a wavelet collocation
method to expand the input-output functions of
switched-current building blocks by wavelets. Due
to the compact support of wavelet basis functions,
a nonlinear companding algorithm is introduced to
control the modeling error distribution. It is worth
noting that the companding function in Ref.[5] is
obtained manually based on the varied trend of the
given input-output curve. However, automatically
generating the nonlinear companding function has
not been discussed yet.

In this paper. we propose a novel nonlinear au—
to-companding algorithm for behavioral modeling
of nonlinear SI circuits. The companding function
can be automatically generated according to the er—
ror distribution.

The rest of the paper is organized as follows.
In section 2, we review the wavelet collocation
method with nonlinear companding. Then, we illus—
trate how to construct the companding function au—
tomatically step by step in section 3. Numerical ex—
periments are presented in section 4 to demonstrate
the computational accuracy and efficiency of the
proposed method. Finally, we draw conclusions in

section 3.

2 Review of wavelet collocation me-
thod with nonlinear companding

In this section, we shall review wavelet collo-
cation method with nonlinear companding. With
the nonlinear companding, we can regulate the er—
ror distribution so that the modeling error can sat—

isfy certain specifications given by designers.
2.1 Algorithm of nonlinear companding

As referred in Reference| 6], changing the sin—
gularity of wavelet bases can modify the modeling

error distribution. This issue can be realized by a

nonlinear companding algorithm reviewed in the
following.

Assume the input-output function f (x) is de—
fined and modeled in Input Domain interval [xa,
x&]. And the wavelet basis functions { Wi(l);i= 1,
2, A, M} are defined in Companding Domain [ /1,
[z]. The relation between them is determined by a
nonlinear companding function /= g(x), which is
defined in interval [ li, [5]. Now, with nonlinear
companding, the input-output function f (x) is ex-

panded by wavelets, as shown in Eq. (1)"".

fx) = fle (D] = e

= ) CiWilg(x)] (1)

i= 1

where x = g_l[l] is the inverse function of = g
(x),and {Ci;i= 1,2, A, M} are wavelet coeffi-
cients. Function I= g(x) should satisfy the follow -
ing constraints:

(1) li= g(x4)= x4 and le= g(xs) = xs.

(2) Function I= g(«) is monotonically in-
creasing.

Hence, function /= g(x) establishes a one-to-

one mapping between the Input Domain [ x4, x#]

and the Companding Domain [ i, ls].
2.2 Mechanism of nonlinear companding

As expressed in equation (1), the singularity
of Wilg(x)] will be changed if g(x) is modified.
T herefore, by using proper nonlinear companding
function [= g(x), we can force the modeling error
distribution satisfy certain specifications given by
designers.

The first-order derivative functions of Wi[ g

(x)] are
Wi AW Al AW, .
de = Al N> & )si= L2AM

(2)

Equation (2) demonstrates that the derivative

of the companded wavelet dW:/dx is g'(x) times
of the derivative of the original wavelet dW:/dl af-
ter nonlinear mapping. Since the derivative function

of a waveform indicates its singularity, thus it im-
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plies that the singularity of the original wavelet ba-
sis functions dWi/dl is changed in Input Domain.
The companded wavelet basis functions W:[ g(x)]
will become much more singular in those regions
where the derivative function g (x) has a large val-
ue. Therefore, when these companded wavelet
bases are used to represent the input-output func-
tion f (x) in Input Domain, the singular basis func—
tions have the potential to approximate f (x) more
accurately since they contain more high frequency
components. In summary, we shall increase the val-
ue of g'(x) in those regions where high modeling
accuracy is needed. In other words, the modeling

error is reversely proportional to the value of

g'(x).

3 Nonlinear auto-companding
method

In this section, we shall present how to con-
struct the companding functions automatically ac—

cording to error distribution.
3.1 Principle of nonlinear auto-companding

The objective of the nonlinear companding is
to control the modeling error distribution to satisfy
certain specifications provided by designers. For in—
stance, the relative simulation error is needed to be
constant at different circuit output values. The ini-
tial modeling error distribution, obtained through
approximating the circuit input-output function by
wavelet collocation method in Ref. [ 8], can impart
useful information to control the error distribu-
tion. As discussed in section 2, in order to obtain u-
niform error distribution, we shall increase the sin-
gularities of wavelet basis functions in those re—
gions where the modeling error is large. That is to
say, we shall increase the value of g'(x) in those
regions. Contrarily, the modeling error will be en-
larged in those regions where the singularities of
wavelet basis functions are reduced. That offers us
an idea to construct the nonlinear companding

function automatically according to the initial error

distribution.

[n the following, we will show how to auto-
matically construct proper companding function
step by step according to the initial error distribu-

tion.
3.2 Construction of companding function

In practical application, we require the devel-
oped behavioral model to have a constant relative
error at different circuit output values, since the
relative error is a suitable eriterion for evaluating
the accuracy of behavioral models. Under such
modeling requirement, we can construct the nonlin-
ear companding function = g(x) by the following
four steps.

(1) Obtain the initial error distribution. When
the input-output function f (x) is expanded by
wavelet basis functions, the initial relative error
distribution is obtained. The relative error is de-
fined as in Eq. (3).

Err = I—.L(—Z—)%L(—Z—]—I— (3}
|/ (x) + o

where f(x) is the initial approximation of f(x).«
is a small positive value to guarantee that when
S (x) is approaching zero, the relative error will not
go to infinity. « is set to 1% of the maximum value
of f(x) in following examples. Apparently, the rel-
ative error can be exploited to decide in which re-
gion the singularity of basis function should be in-
creased to reduce the original error.

(2) Extract the envelope of the error distribu-
tion. Assuming there exist two adjacent small re-
gions [x1, x2] with minimal error er and [ x2, x3]
with maximal error e2 as shown in Fig. 1(a) . If e2>
e1, in the companding procedure, we will reduce the
singularities of the basis functions in the region
[x1, x2] and increase the singularity of the basis
functions in the region [ x2, x3]. As a result, error e
is increased and e: is decreased after companding.
However, if the companding function is not proper—
ly designed, the approximation errors after com-
panding may result in e1> ez, as shown in Fig. 1

(b).Such a phenomenon is called ultra-companding
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w hich makes it hard to control the uniform model-
ing error distribution. Therefore, we will not di-
rectly choose the original error distribution as
g'(x) . In this step, in order to minish the exacerba—
tion of uniform error distribution, we extract the
envelope of the initial error distribution to reduce
the difference of errors in two adjacent small re-
gions. As shown in Fig. 1, the difference between
error e'1( obtained via linear interpolation) and e is

reduced after envelope extraction.

B

L e

% % %
Fig. 1 (a) Envelope extraction: (b) Approximation

errors after companding

(3) Build the prototype of nonlinear compand-
ing function. As shown in Eq. (2), g '(x) means the
singularity change of wavelet basis functions. Usu-
ally, since finite numbers of basis functions are em—
ploved to model a circuit’s behavior, we hope the
change of singularity of wavelet basis functions is
restricted in a certain range [pa,pz] to control the
companding degree, where 0< p1< 1< ps. In prac-
tical application, we set the range in interval [ 0. 5,
2.0]. In this step, the envelope obtained in step 2 is
mapped into the interval [ 0.5,p ], where p is a pa-
rameter restricting the singularity of wavelet basis
functions and its value is to be determined by an
optimization process in step 4. Then, assume e(x)

is the function of mapped envelope, the prototype

of the companding function [= g(x) is built as giv—-
en in Eq.(4).

glx) = xa+ éj‘e(i]d! (4)

Since e(x) > 0, g(x) is monotonically increasing
and can satisfy constraint (2) of the companding
function in section 2. Constant G in Eq. (4) is de-
fined as

c= —— Ty (5)

X = X4,

which makes g(x) satisfy constraint (1) in section
2.

(4) Refine the prototype of I= g(x) repeated-
ly, to meet the given requirements of error distribu-
tion. In this step, we can use the merit function in
Ref. [ 5] to optimize parameter p by the Golden
Section Search method'”. As long as the minimum
value of the merit function is reached, the optimal
p is found and consequently the proper companding

function I= g(x) is determined.

4 Numerical experiments

[n this section, a SI memory cell, a SI delay
cell and a 4th order SI filter are modeled by differ—
ent modeling methods and are simulated to exam-
ine the validity of the proposed modeling method.
In this paper, we prefer to use the wavelet basis
functions in Refs. [ 7, 8], because they are proved

to have a high convergence rate.
4.1 Modeling methodology

For modeling a SI circuit, we first partition the
SI cireuit into building blocks. Then each building
block is modeled by representing its non-ideal in-
put-output relation as a nonlinear function. After
that, we construct the behavioral model of the SI
circuit by a signal-flow —graph (SFG), which is de-
rived from the circuit topology. Such a SFG-based
model is then simulated by MATLAB SIMULINK
to verify the accuracy of the developed model.

The input-output relation of a building block
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circuit is acquired by SPICE transient simulation.
T aken the SI memory cell in Fig. 2 as an example,
we apply an input signal covering both small and
large signal range in Fig. 3 to this circuit. The
memory cell will sink the input signal i at phase
@1 and output the signal at phase &, which consists
of non-ideal errors. In phase @, the output current
is zero. T he output current lou is obtained in Fig. 4
(an enlarged potion). By sampling the input and

ﬁi

@
1L

Fig. 2

SI memory cell

i

Input current/1075A
=

0 001 002 003 0.04 005 0.06 0.07
Time/s

Fig. 3
SPICE

Input signal for transient simulation of

CEECEE S
5

Output current/107A
b L4
s

Time/s

Fig.4 An enlarged potion of output current

output currents at all phase @ time points (dots in

Fig. 4), we obtain the input-output relation of the
SI memory cell in Fig. 4. By applying the wavelet
method proposed in the last section, the behavioral

model of the memory cell can be constructed.
4.2 Simulation results

4.2.1 Switched-current memory cell

A SI memory cell is shown in Fig. 2 with /i
= 20pA and its input-output relation is shown in
Fig. 5. The output current o is restricted by the
bias current /s under large signal input. In order
to model the effect of large input. the linear input
signal is ranged in [ = S0uA, 50uA] to obtain the

input-output relation of the SI memory cell.

4
=<3
L 2
E 1
3 0
g-—l
-2 4
-3 i
-5 0 5

Input current/107°A

Fig. 5 Input-output function of SI memory cell

At first, three methods, conventional wavelet
expansion without companding, nonlinear com-
panding method in Ref. [ 5] and the proposed auto-
companding method, are employed to approximate
the input-output relation in Fig. 5 to build the be-
havioral model of the SI memory cell. The whole
relative error (as defined in Eq. (3)) distributions
are shown in Fig. 6 and the modeling results are

listed in table 1.

Table 1 Modeling results of SI memory cell

Maximum | Mean square | Number of basis

relative error error function used
No companding 8. 59% 0.0139 15
Companding method in Ref.[5] | 6. 33% 0. 0065 15

3. 64% 0. 0041 15

Proposed auto—companding
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0.12
= No com i
0.1 = = Companding method in Ref. [5]
. J— ““‘:” p o g thad
w 008}
;
2 0.06¢
=
P 0.04}
002t
o
-5
Input current/10~°A
Fig. 6 Relative error distribution of modeling

Then, we test the above three different behav—
ioral models of the SI memory cell with sinusoidal
input of different amplitude *ipA (i= 5, 10, A,
50). Figure 7 depicts the relative simulation error
Errr, defined in Eq. (6), of the three different ap—

proaches with 15 basis functions.

0.07
~0— Non-~companding method
E 0.06 —#— Companding method in Ref. [5]
v 0.05; -6~ Auto—companing method 1
0.041
a 0030 1
g:. 0.02
<
0.01p
% 2 4 6
Maximum input current range/10-5A
Fig. 7 Relative simulation error
a' .
/'I f}-‘svu:r: = yumode) “di
Errg = (6)

\ Jllll f}'sl'nzl-‘.] 2(];5

where yseice is the simulation result by SPICE and
yuodel is the result by the developed behavioral mod-
el.

Note that the proposed nonlinear auto-com-
panding method is the most efficient one to control
the distribution of the modeling error. Further-
more, the modeling error of the proposed method is

less than that of the other two methods.

4.2.2 Switched-current delay cell

The input-output relation of SI delay cell (in
Fig. 8) with Ivi= 20uA is shown in Fig. 9, which is
obtained by transient analysis of SPICE with a lin-

ear input signal ranging in [ — 50uA, S0pA].

e
b
AL 0 8

V,ﬂ*§|

I;_,

ol

Dump

-5 0 5
Input current/107°A

Fig. 9 Input-output relation of SI delay cell

We approximate the input-output relation in
Fig. 9 by three different methods, which are the
wavelet collocation method without companding,
nonlinear companding in Ref. [ 3], and the proposed
auto-companding method, to build the behavioral
model of SI delay cell. The modeling results are
given in Table 2.

Table 2 Modeling results of SI delay cell

Maximum | Mean square | Number of basis

(relative error error functions used
No companding 0. 8930 0. 0556 60
Companding method in Rel. | 5] 0.5672 0. 0431 60

Proposed auto-companding 0. 3031 0.0170 60

Compared with the other two methods, our
proposed approach in this paper is more efficient to
control the error distribution and obtains better
modeling accuracy using the same numbers of

wavelet basis functions.
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4.2.3 Switched-current filter

A 4th order low-pass Butterworth SI filter is
behaviorally modeled based on memory cells by a
signal-flow graph. which is derived from the circuit
topology in Ref.[ 1]. Using the memory cell model
developed above, we simulate the SFG-based filter
model by MATLAB SIMULINK. The simulation
results are discussed in the followed three aspects.

(1) Time domain response. The SFG-based
filter model is simulated with a sinusoidal input of
frequency 1kHz and amplitude of £ 10uA. Figures
10 and 11 give the time-domain simulation results
obtained from SPICE and the four different mod-
els. The simulation errors of these methods are giv—
en in table 3. The proposed approach is the most

accurate one.

6 — . v . .

— SPICE
— mial expansion
4 Pﬁﬁﬁ.ﬂ ‘
e in Ref.[5]
i
g 2 T
‘s 0
]
z
£l
=}
-4 |
-5 . . — " .
1 2 3 4
Time/107%s
Fig. 10 Time domain response of SI filter

o e
s mial ex|
bt e el
- in het|
-15 ~.- Aull:clr‘:ompmdingmethod I

Output waveform/1075A

-25
=35
4.5
2.04 208 212 2.16 2.20
Time/107s
Fig. 11 An enlarged potion of time domain re-
sponse

Table 3 Simulation results of SI filter

Average relative
. Simulation time
error

SPICE — 384. 1s

Polynomial expansion 5.376<10"! 2.0s
Non-companding 2. 147107 5.07s
Companding method in Ref.[5] | 7.347X 10" ? 2. 83s
l’r[ll\l]!ﬂ‘ n'\".'||}1'[I||Il‘:\"](|i|lg |||!‘[|HII] 5, 432X IO_ 2 3. Ul!\

* Average relative error is defined as the same as in Eq. (6).

(2) Frequency domain response. We simulate
the filter model with sinusoidal inputs of amplitude
+ 10uA at different frequencies to achieve the fre—
quency domain response of the SI filter. Figure 12
depicts the frequency response obtained from
SPICE and four kinds of different models. Note
that again the proposed method works better than

the other three in terms of accuracy.

Amplitude

-4 SPICE
-5~ Polynomial expansion

~6— Non—companding method

—+— Companding method in Ref.[5]

—&- Proposed auto—companding method

10! 10? 10°

Frequency/Hz

Fig. 12 Frequency domain response of the 4th or—

der filter

(3) Simulation speed. All the time-domain
simulations are performed on a Pentium [1-550
computer. Transient simulation is performed for
the 4th order SI filter in interval [ Oms, Sms]. The
simulation time consumed by these models is listed
in table 3. The overall speed up with behavioral

models is about two orders in time domain com-—

pared with SPICE.

5 Conclusions

In this paper, we propose a wavelet collocation

method with nonlinear auto-companding for behav-
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ioral modeling of SI circuits. With the proposed
method, the companding function can be construct-
ed automatically according to the initial error dis—
tribution obtained by conventional wavelet expan—
sion. Since both the small signal effect and the
large signal effect are modeled in a unified formula-
tion by the proposed method, the process of model-
ing and simulation is eased greatly. As a general-
purpose approach, it is more flexible to model the
building blocks of SI circuits than the method in
Ref.[5]. Compared with other published approach-
es, the proposed auto-companding approach can ef-
ficiently control the error distribution and reduce
the modeling error. The effectiveness of the pro-
posed method has been demonstrated in the numer—

ical examples.
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