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Abstract
7KH PRVW FRPPRQ SUDFWLFH WR PRGHO WKH WUDQVLVWRU FKDLQ�

DV LW DSSHDUV LQ &026 JDWHV� LV WR FROODSVH LW WR D VLQJOH

HTXLYDOHQW WUDQVLVWRU� 7KLV PHWKRG LV DQDO\]HG DQG

LPSURYHPHQWV DUH SUHVHQWHG LQ WKLV SDSHU� ,QKHUHQW

VKRUWFRPLQJV DUH UHPRYHG DQG DQ HIIHFWLYH WUDQVLVWRU ZLGWK

LV FDOFXODWHG WDNLQJ LQWR DFFRXQW WKH RSHUDWLQJ FRQGLWLRQV RI

WKH VWUXFWXUH� UHVXOWLQJ LQ YHU\ JRRG DJUHHPHQW ZLWK 63,&(

VLPXODWLRQV� 7KH DFWXDO WLPH SRLQW ZKHQ WKH FKDLQ VWDUWV

FRQGXFWLQJ ZKLFK LQIOXHQFHV VLJQLILFDQWO\ WKH DFFXUDF\ RI WKH

PRGHO LV DOVR H[WUDFWHG� )LQDOO\� DQ DOJRULWKP WR FROODSVH

HYHU\ SRVVLEOH LQSXW SDWWHUQ WR D VLQJOH LQSXW LV SUHVHQWHG�

1.  Introduction
7KH GHYHORSPHQW RI GLJLWDO LQWHJUDWHG FLUFXLWV ZLWK VKRUW

GHVLJQ F\FOHV UHTXLUHV DFFXUDWH DQG IDVW WLPLQJ VLPXODWLRQ�

)RU VPDOO GHVLJQV VLPXODWLRQ LV SRVVLEOH E\ PHDQV RI

VLPXODWRUV VXFK DV 63,&( ZKLFK DUH EDVHG RQ QXPHULFDO

PHWKRGV� 8QIRUWXQDWHO\� WKHVH VLPXODWRUV DUH H[FHVVLYHO\

VORZ IRU WKH PXOWL�PLOOLRQ WUDQVLVWRU GHVLJQV LQ WKH VXEPLFURQ

HUD� 7KH QHHG IRU DQDO\WLFDO PHWKRGV ZKLFK FDQ SURGXFH

DFFXUDWH UHVXOWV DW short WLPHV LV REYLRXV DQG H[WHQGHG

UHVHDUFK KDV EHHQ FRQGXFWHG� HVSHFLDOO\ IRU thePRGHOOLQJ of
WKH &026 LQYHUWHU >�� �@� 0RUH FRPSOLFDWHG JDWHV VXFK DV

1$1'�125 VWUXFWXUHV DUH GLIILFXOW WR PRGHO EHFDXVH RI

WKHLU PXOWLQRGDO FLUFXLWU\ DQG PXOWLSOH LQSXWV�

The accurate modelling of the transistor chain, which is a
structure of vital importance for CMOS circuits, by an
equivalent transistor is examined in this paper.
&RQYHQWLRQDOO\� WKH WUDQVLVWRU FKDLQ is PRGHOOHG E\ D VLQJOH

WUDQVLVWRU ZLWK LWV ZLGWK UHGXFHG E\ WKH QXPEHU RI WKH

WUDQVLVWRUV LQ WKH FKDLQ� ,Q FDVH DOO WUDQVLVWRUV LQ WKH FKDLQ

UHFHLYH WKH VDPH LQSXW� WKLV FRPPRQ LQSXW LV DOVR DSSOLHG WR

WKH HTXLYDOHQW WUDQVLVWRU� Several attempts have been made in
order to model the transistor chain trying to exploit the fact
that all transistors in the chain except for the top one,
generally operate in linear mode. In [3] the complete chain is
modelled considering a long RC chain while in [4, 5] the
nonsaturated devices were replaced by an effective
resistance. Sakurai and Newton [6] developed their analysis
for the CMOS inverter and extension to gates was made by a

delay degradation factor. In general, all previous works used
simplifying assumptions for the operation of the chain, such
as step inputs, resistive behaviour, long channel models and
negligible body effect. Apart from the fact that it is
impossible to solve analytically the differential equations
which describe the operation of the chain, it is often
advantageous to model the transistor chain by a single
equivalent transistor, since this model can be easily applied
in the delay and short-circuit power estimation of more
complex gates. In addition, when a single equivalent
transistor is obtained, the well defined modelling analysis of
the inverter can be used in order to determine the
propagation delay and power dissipation of CMOS gates,
since modelling of parallel transistors can be performed
successfully as in [7].

It should be mentioned that Nabavi-Lishi and Rumin [8]
presented a semi-empirical method for collapsing a transistor
chain to a single equivalent transistor. The equivalent width
approximation, for practical inputs ends up in the
conventional n-times transconductance reduction, where n is
the number of transistors in the chain, resulting in limited
accuracy. For slow inputs, a formula is presented in order to
modify the equivalent width obtained for fast inputs, but the
empirical coefficients which are used, make the application
of the method impossible.

In this paper the width of the single equivalent transistor
is calculated taking into account the mode of operation of the
transistors in the chain and the time during which the devices
operate in each mode. Moreover, the time at which the chain
starts conducting is obtained overcoming a main source of
errors in all existing modelling techniques. Finally, an input
mapping algorithm is presented which leads to a single input
signal which effectively replaces all inputs of the chain.

2.  Transistor Chain Operation
Let us consider the discharging of an output load by the

transistor chain consisting of NMOS devices illustrated in
Fig. 1, where the parasitic internal node capacitances are also
shown. The case of a PMOS charging chain is symmetrical. 

A common rising input ramp with LQSXW ULVH WLPH 2� is
applied  to  all  gates. 7KH D�SRZHU PRGHO SURSRVHG LQ >�@



Fig. 1: (a) Complete transistor chain, (b) two transistor
equivalent circuit and (c) single equivalent transistor model

ZKLFK WDNHV LQWR DFFRXQW WKH FDUULHU YHORFLW\ VDWXUDWLRQ HIIHFW

RI VKRUW FKDQQHO GHYLFHV� LV XVHG IRU WKH WUDQVLVWRU FXUUHQWV RI

WKH  FKDLQ �
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ZKHUH 9'�6$7 LV WKH GUDLQ VDWXUDWLRQ YROWDJH� NO � NV DUH WKH

WUDQVFRQGXFWDQFH SDUDPHWHUV� D LV WKH YHORFLW\ VDWXUDWLRQ

LQGH[ DQG 971 LV WKH WKUHVKROG YROWDJH ZKLFK LQ RUGHU WR EH

WUHDWHG PDWKHPDWLFDOO\� LV ZULWWHQ XVLQJ D ILUVW RUGHU 7D\ORU

VHULHV DSSUR[LPDWLRQ DURXQG 96% �9 DV
a
9 � /971 6%= + �

During the evolution of the load discharging, the topmost
transistor in the chain (Mn+1) operates initially in saturation
and then enters the linear region when its VDS=VD-SAT. All
other transistors in the chain operate in the linear region
without ever leaving this region [5]. Because the voltage at
the intermediate nodes rises, the current of the nonsaturated
devices increases and there will be a time point where the
current of the bottom transistors will be equal to the current
of the topmost transistor. The circuit remains at this
“plateau” state until the topmost transistor exits saturation [5]
and during this time the voltage at all drain/source nodes
remains constant. The plateau voltage is apparent for fast
inputs (Fig. 2). An input is considered fast (slow) when the
voltage at the source of the top transistor attains its maximum
value when (before) the input reaches VDD.

In order to calculate the plateau voltage the nonsaturated
devices are replaced by an equivalent transistor (0E

HT

)

whose width is approximated by :
� � � �

:HT
FRQY

= + + +
: : :� � Q

� ��)

The two-transistor equivalent circuit is shown in Fig. 1b.
When a fast input is applied, the plateau voltage at the source
of the top transistor occurs at the end of the input ramp at
time t=2. Equating the currents of the saturated top transistor
(Mu)  and  the  bottom  transistor  (0E

HT

)  which  operates  in
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Fig. 2: Output and intermediate node voltages of a transistor
chain for a fast input ramp

linear mode in the two-transistor equivalent chain for
Vin=VDD results in :
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Solving WKH DERYH HTXDWLRQ XVLQJ D VHFRQG RUGHU 7D\ORU

VHULHV DSSUR[LPDWLRQ gives the value of the plateau voltage
with very good accuracy.

,Q WKH IROORZLQJ DQDO\VLV WKH YROWDJH DW WKH VRXUFH RI WKH

WRS WUDQVLVWRU LQ WKH FKDLQ� VM, LV FRQVLGHUHG OLQHDU IRU WKH

LQWHUYDO EHWZHHQ WLPH SRLQW W�� ZKHUH WKH FKDLQ VWDUWV

FRQGXFWLQJ� DQG time 2 (fast inputs) where the input reaches
its final value or timeW� (slow inputs)ZKHUH WKH WRS WUDQVLVWRU

H[LWV VDWXUDWLRQ� This observation is based on SPICE
simulations and leads to highly accurate results. Since time t1
and VM[t1] is known (see next section) and for fast inputs the
plateau voltage occurs at time 2 the slope of VM is also
known. For slow inputs it has been observed that the slope
remains the same and can be calculated as if the input were
fast, i.e. by assuming that at time 2, VM reaches the plateau
voltage. In order to calculate the time point (t2), the output
voltage expression has to be found by solving the following
differential equation resulting from the application of
Kirchhoffs’s current law at the output node :
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V LQ 0

D

= − − − +� /�                   (4)

Time t2 is obtained by equating the drain saturation
voltage with the actual drain-to-source voltage of transistor
Mn+1 (9 9 9

' 6$7 RXW 0− = − ).

���6WDUWLQJ�3RLQW�RI�&RQGXFWLRQ
6LQFH HDFK WUDQVLVWRU LQ WKH FKDLQ KDV D GLIIHUHQW VRXUFH

YROWDJH DQG WKUHVKROG YROWDJH � WKH WLPH DW ZKLFK WKH

FRQGLWLRQ 9 9
*6 71

− =� IRU HDFK RQH LV VDWLVILHG DQG WKH

WUDQVLVWRU VWDUWV FRQGXFWLQJ� LV DOVR GLIIHUHQW� /HW XV FRQVLGHU

D ILYH WUDQVLVWRU FKDLQ ZKLFK UHFHLYHV D FRPPRQ UDPS LQSXW



Fig. 3: Simplified representation of intermediate node voltages

DW WLPH W � DQG DVVXPH WKDW DOO LQWHUQDO QRGHV DUH LQLWLDOO\

GLVFKDUJHG� &RXSOLQJ FDSDFLWDQFH EHWZHHQ WKH LQSXW WHUPLQDO

DQG WKH GUDLQ�VRXUFH QRGHV IRUFHV DOO LQWHUQDO QRGH YROWDJHV

WR IROORZ WKH LQSXW UDPS XQWLO DOO WUDQVLVWRUV EHORZ WKH QRGH

VWDUW FRQGXFWLQJ� )URP WKLV SRLQW RQ� WKH QRGH YROWDJH LV

VXEMHFW WR WZR RSSRVLWH WUHQGV� 2QH LV GXH WR WKH FRXSOLQJ

FDSDFLWDQFH DQG WHQGV WR UDLVH WKH QRGH YROWDJH DQG WKH RWKHU

LV GXH WR WKH FXUUHQW IORZLQJ WR JURXQG ZKLFK WHQGV WR SXOO

WKH QRGH YROWDJH GRZQ� 7KH V\VWHP EHKDYLRXU LV PRGHOOHG

DVVXPLQJ WKDW WKH WZR WUHQGV DUH FRXQWHUEDODQFHG� WKXV

OHDGLQJ LQ D FRQVWDQW QRGH YROWDJH XQWLO WKH WLPH SRLQW ZKHUH

DOO WUDQVLVWRUV DERYH WKH QRGH VWDUW WR FRQGXFW� ZKHQ WKH QRGH

YROWDJH LV SXOOHG KLJK DJDLQ (Fig. 3).7KH VORSH RI WKH QRGH
YROWDJHV XQWLO WKH WUDQVLVWRUV EHORZ WKH L�WK QRGH VWDUW

FRQGXFWLQJ DW WLPH W
V
L
FDQ EH IRXQG E\ HTXDWLQJ WKH FXUUHQW
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&
0L

� ZLWK WKH FKDUJLQJ

FXUUHQW RI WKH SDUDVLWLF FDSDFLWDQFH ,
&
L

� , ,
& &
0L L

= ⇒

[ ] [ ]&
G9 G9

GW
&
G9

GW
9 W

&

& &
9 W

0

LQ L

L

L

L

0

0 L

LQL

L

L

−
= ⇒ = + (5)

7KH ERWWRP WUDQVLVWRU0� LQ WKH FKDLQ VWDUWV FRQGXFWLQJ DW
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4. Effective Width of the Equivalent
    Transistor

,Q WKH IROORZLQJ DQDO\VLV DOO LQWHUQDO QRGHV RI WKH FKDLQ

DUH FRQVLGHUHG WR EH GLVFKDUJHG DW WLPH W �� ,Q FDVH VRPH RI

WKH QRGHV DUH LQLWLDOO\ FKDUJHG� WKH RXWSXW ZDYHIRUP VKRXOG

EH VKLIWHG SURSHUO\� VLQFH WKH FKDUJHs LQ WKH LQWHUQDO QRGHV

FDXVH DQ DGGLWLRQDO GHOD\ LQ WKH RXWSXW UHVSRQVH >4@�
,W LV REYLRXV� WKDW D VLQJOH HTXLYDOHQW WUDQVLVWRU �)LJ� �F�

ZKLFK UHFHLYHV WKH FRPPRQ LQSXW WKDW LV DSSOLHG WR DOO

WUDQVLVWRUV LQ WKH FKDLQ� ZLOO KDYH WKH VDPH RXWSXW UHVSRQVH

ZLWK WKH FRPSOHWH FKDLQ� LI LW VXFFHVVIXOO\ PDQDJHV WR

UHSURGXFH WKH FRPELQHG EHKDYLRXU RI WKH QRQVDWXUDWHG

GHYLFHV ZLWK WKH GXDO RSHUDWLRQ RI WKH WRS WUDQVLVWRU� LQ

VDWXUDWLRQ DQG WKH OLQHDU UHJLRQ�

)RU WKH WLPH LQWHUYDO ZKHUH WKH WRS WUDQVLVWRU LQ WKH FKDLQ

LV VDWXUDWHG� WKH FXUUHQW WKURXJK WKLV WUDQVLVWRU LV WKH

ERWWOHQHFN IRU WKH FXUUHQW WKDW IORZV WKURXJK WKH FKDLQ >�@�

7KHUHIRUH� LQ RUGHU WR REWDLQ WKH ZLGWK �:HT� RI WKH VLQJOH

HTXLYDOHQW WUDQVLVWRU �0HT� WKH FXUUHQWV WKURXJK WUDQVLVWRU

0Q�� RI WKH FRPSOHWH FKDLQ DQG WUDQVLVWRU 0HT VKRXOG EH VHW

HTXDO � , ,0 0
Q HT+

= ⇒
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7KH DERYH HTXDWLRQ FDQ EH VROYHG IRU VHYHUDO YDOXHV RI W

\LHOGLQJ FRUUHVSRQGLQJ :HT YDOXHV� 7KHUHIRUH� LQ RUGHU WR

REWDLQ DQ DYHUDJH YDOXH� :HT VKRXOG EH FDOFXODWHG IURP

HT� ��� IRU WLPH ( )W W W= +
� �

�� � 7KLV YDOXH RI :HT ZLOO EH

UHIHUUHG WR DV :VDW VLQFH LW FRUUHVSRQGV WR WKH VDWXUDWLRQ

UHJLRQ RI WKH WRS WUDQVLVWRU LQ WKH FKDLQ�

2Q WKH RWKHU KDQG� ZKHQ DOO WUDQVLVWRUV LQ WKH FKDLQ

RSHUDWH LQ WKH OLQHDU UHJLRQ, WKH FKDLQ FDQ EH FRQVLGHUHG DV D

YROWDJH GLYLGHU ZLWK XQLIRUP GLVWULEXWLRQ RI WKH RXWSXW

YROWDJH DPRQJ DOO GUDLQ�VRXUFH QRGHV� 7KXV� WKH ZLGWK RI WKH

HTXLYDOHQW WUDQVLVWRU FDQ EH FDOFXODWHG DV :
:

Q
OLQ

=
+�

IRU

QRQ�WDSHUHG FKDLQV�

6LQFH WKH WUDQVLVWRU ZLGWK IRU HDFK RSHUDWLQJ FRQGLWLRQ LV

NQRZQ� WKH WUDQVLVWRU FKDLQ FDQ EH PRGHOOHG E\ D VLQJOH

HTXLYDOHQW WUDQVLVWRU ZKRVH ZLGWK IURP WLPH W� WR WLPH W� LV

:VDW DQG IRU WKH UHVW RI WKH WLPH HTXDO WR :OLQ� %XW VLQFH WKH

DLP ZDV WR SURYLGH DQ HTXLYDOHQW ZLGWK WKDW ZRXOG EH XVHIXO

IRU WKH FRPSOHWH UHJLRQ RI RSHUDWLRQ LQ RUGHU WR VLPSOLI\ WKH

RYHUDOO DQDO\VLV� WKH DERYH WZR ZLGWK YDOXHV VKRXOG EH

HIILFLHQWO\ PHUJHG LQWR RQH� 7KLV FDQ EH DFFRPSOLVKHG E\

FDOFXODWLQJ WKH IUDFWLRQ RI FKDUJH �4VDW� WKDW LV GLVFKDUJHG WR

JURXQG GXULQJ WKH WLPH LQWHUYDO LQ ZKLFK WKH WRS WUDQVLVWRU LQ

WKH FKDLQ RSHUDWHV LQ VDWXUDWLRQ RYHU WKH WRWDO FKDUJH

�4WRWDO &/9''� WKDW LV VWRUHG LQLWLDOO\ LQ WKH RXWSXW ORDG DQG

KDV WR EH GLVFKDUJHG� 7KH FXUUHQW WKURXJK WKH WRS WUDQVLVWRU

LQ WKH FKDLQ �0Q��� FDQ EH LQWHJUDWHG IURP WLPH W� WR WLPH W� LQ

RUGHU WR REWDLQ WKH FKDUJH4VDW �
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)LJ��� �D� 2XWSXW ZDYHIRUPV RI WKH FRPSOHWH FKDLQ� WKH SURSRVHG VLQJOH HTXLYDOHQW WUDQVLVWRU� WKH FRQYHQWLRQDO PHWKRG DQG WKH ODWWHU

ZLWKRXW W� FRUUHFWLRQ� IRU D VL[ WUDQVLVWRU FKDLQ DQG 2 �QV� �E� 3HUFHQWDJH HUURU DW 9''�� EHWZHHQ DFWXDO RXWSXW UHVSRQVH DQG WKH

VLQJOH HTXLYDOHQW WUDQVLVWRU RXWSXW UHVSRQVH IRU GLIIHUHQW DSSURDFKHV

7KH DERYH LQWHJUDO ZLOO EH VSOLW LQWR WZR� LQ FDVH WKH WRS

WUDQVLVWRU H[LWV VDWXUDWLRQ DIWHU WKH LQSXW KDV UHDFKHG LWV ILQDO

YDOXH �IDVW LQSXWV�� $ VDWXUDWLRQ FRHIILFLHQW FVDW FDQ QRZ EH

FDOFXODWHG DV �

F
4

4
VDW

VDW

WRWDO

= ���

&RQVHTXHQWO\� WKH IUDFWLRQ RI FKDUJH WKDW LV GLVFKDUJHG

WKURXJK WKH FKDLQ GXULQJ WKH WLPH ZKHUH DOO WUDQVLVWRUV

RSHUDWH LQ OLQHDU PRGH RYHU WKH WRWDO FKDUJH LV FOLQ ��FVDW�

6LQFH WKH FDOFXODWHG FRHIILFLHQWV DFW DV WKH �ZHLJKW� RI

HDFK PRGH RI RSHUDWLRQ RQ WKH RYHUDOO RXWSXW YROWDJH

WHPSRUDO HYROXWLRQ� WKH ZLGWK RI WKH VLQJOH HTXLYDOHQW

WUDQVLVWRU FDQ EH FDOFXODWHG DV:

: F : F :HT VDW VDW OLQ OLQ= ⋅ + ⋅ ����

,W VKRXOG EH QRWHG WKDW ZKHQ WKH LQSXW LV IDVW DQG WKH

QXPEHU RI WUDQVLVWRUV LQ WKH FKDLQ LV ODUJH� WKH FRQYHQWLRQDO

VLQJOH HTXLYDOHQW WUDQVLVWRU ZKRVH ZLGWK �:HT
FRQY

� LV

FDOFXODWHG XVLQJ WKH Q�WLPHV WUDQVFRQGXFWDQFH UHGXFWLRQ

JLYHV DFFHSWDEOH UHVXOWV ZKLFK DUH FORVH WR WKH UHVXOWV

REWDLQHG ZKHQ WKH ZLGWK LV FDOFXODWHG DFFRUGLQJ WR WKH

SURSRVHG PHWKRG LQ WKLV SDSHU� However, the time when the
chain starts conducting (t1) is crucial and in order to obtain
accurate results, it should be taken into account in both
cases.$Q H[DPSOH IRU D VL[ WUDQVLVWRU FKDLQ LV VKRZQ LQ )LJ�

� together withWKH HUURU ��� RI WKH WZR�DSSURDFKHV DW KDOI�

9'' SRLQW RI WKH RXWSXW ZDYHIRUP RI WKH FRPSOHWH FKDLQ�

The above analysis has also been applied for modelling
of NAND/NOR gates, where the parallel transistors are
replaced by an equivalent one [7]. Because of the short-
circuit current, the rate of the load charging/discharging
decreases, resulting in an extension in time of the saturation
region of the top transistor in the chain. The new time bound
of this region can be accurately estimated if the short-circuit
current expression is inserted in eq. (4). However, for
simplicity, t2 is calculated for negligible short-circuit current
(as previously), while the equivalent transistor width for the

saturation region is calculated from eq. (7) at t2,
compensating the error from the underestimation of t2. As it
has been observed from SPICE simulations, this leads to a
sufficient modelling of NAND/NOR gates by an equivalent
inverter, especially for fast inputs.

5. Single Effective Input Extraction
Definitions: n+1 input ramps which are applied to the

n+1 transistors of a chain and have the same transition time
and starting time, will be referred to as normalized inputs
and the single equivalent one as normalized input.
Additionally, every set of input ramps (less than n+1) which
have the same transition time and the same starting point,
will be referred to as equal ramps.

The proposed algorithm aims to the extraction of n+1
normalized input ramps for each possible input pattern, so
that when the normalized inputs are applied to the transistor
gates of the chain, the chain will have the same output
response with that of the actual inputs. Before the proposed
algorithm can be applied, the "weight" of each transistor in
the chain has to be calculated, i.e. a coefficient which
corresponds to the position of each input (or combination of
inputs) and becomes larger for transistors closer to the
output. ,Q RUGHU WR ILQG WKH ZHLJKW RI HDFK SRVLWLRQ LQ WKH

FKDLQ� HTXDO UDPSV DUH DSSOLHG WR WKH WUDQVLVWRUV IRU ZKLFK

WKH ZHLJKW FRHIILFLHQWV DUH WR EH FDOFXODWHG DQG WKH LQSXWV RI

WKH UHVW RI WKH WUDQVLVWRUV DUH VHW WR 9''� )RU HDFK FDVH RI

LQSXW SDWWHUQV� D FRHIILFLHQW LV GHULYHG ZLWK ZKRP WKH

WUDQVLWLRQ WLPH RI WKH DSSOLHG UDPS PXVW EH PXOWLSOLHG VR

WKDW ZKHQ WKH UHVXOWHG UDPS LV DSSOLHG WR DOO WUDQVLVWRUV� WKH

HYROXWLRQ RI WKH RXWSXW ZLOO EH WKH VDPH� The next three
steps of the mapping algorithm should be applied for every
possible input pattern :
Step 1. Inputs which efficiently act and should be treated as
VDD voltages have to be identified. In order to achieve this,
every input ramp which at time t=tm has a value larger than
�

�
9''  should be considered VDD for the following steps.
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Fig. 5: Actual set of inputs (left column) and normalized
equivalent one (right column) together with the corresponding
output waveform of a chain for each case. The dots correspond
to the actual set of inputs.

Time tm  occurs when the last ending input ramp reaches

VDD/2. In case two or more inputs end at the same time, tm is
measured on the one that starts last.
Step 2. The m ramp inputs that remain from step 1 have to
be transformed to equal ramps so that the algorithm can
proceed. The starting point of these equal ramps (t0) is taken
as t0=max(t1, t2, ..., tn+1) where t1, t2, ..., tn+1 are the starting
point of all input ramps in the chain. This is reasonable
since the chain does not conduct current before the starting
point of the last changing input. In order to take into account
the slope as well the time during which an input is in
transition after time t0, the transition time (Teq) of the equal
ramps is taken as :
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                                   (11)

where Vi[t0] is the voltage that each input ramp has reached
at the initial time and W

HL
  is the time point at which each of

the m input ramps reaches VDD. Obviously, because of step
1, W WH

L

>
�

 for all of the m inputs.

Step 3. The input pattern which is now applied to the chain,
consists of equal ramp inputs and VDD inputs. These can be
mapped to normalized inputs using the weight coefficients
which correspond to the transistor positions in the chain
which receive a ramp input. Thus, the transition time of the
normalized inputs which are applied to the chain at t=t0 is :

7 F 7HII ZHLJKW HT= ⋅ ����

7KH VDPH UDPS LQSXW (normalized input)LV ILQDOO\ DSSOLHG WR

WKH VLQJOH HTXLYDOHQW WUDQVLVWRU�

,Q )LJ� �� D FRPSDULVRQ RI WKH RXWSXW UHVSRQVHV RI D ILYH

WUDQVLVWRU FKDLQ WR WKH DFWXDO DQG QRUPDOL]HG LQSXW SDWWHUQV

LV SUHVHQWHG� ZKLFK VKRZV WKH DFFXUDF\ DQG HIILFLHQF\ RI WKH

SUHVHQWHG DOJRULWKP� 7KH DERYH DOJRULWKP SUHVHQWHG YHU\

JRRG PDWFK EHWZHHQ WKH RXWSXW UHVSRQVH RI WKH FRPSOHWH

FKDLQ DQG WKH VLQJOH HTXLYDOHQW WUDQVLVWRU IRU D ZLGH UDQJH RI

LQSXW WUDQVLWLRQ WLPHV DQG UHODWLYH GLVWDQFHV LQ WLPH RI WKHLU

VWDUWLQJ SRLQWV�

6. Conclusion
7KH ZLGHO\ XVHG PHWKRG IRU FROODSVLQJ D WUDQVLVWRU FKDLQ

WR D VLQJOH HTXLYDOHQW WUDQVLVWRU WKDW FDQ EH XVHG IRU WKH

PRGHOOLQJ RI &026 JDWHV� KDV EHHQ DQDO\]HG DQG LPSURYHG�

,WV ZLGWK KDV EHHQ HIILFLHQWO\ FDOFXODWHG WDNLQJ LQWR DFFRXQW

WKH UHJLRQV RI RSHUDWLRQ RI WKH VWUXFWXUH� 6HYHUDO SDUDPHWHUV

VXFK DV WKH WLPH ZKHQ WKH FKDLQ VWDUWV FRQGXFWLQJ� VKRUW

FKDQQHO FXUUHQW PRGHOV� ERG\ HIIHFW DQG WKH LQSXW WUDQVLWLRQ

WLPH KDYH EHHQ LQFRUSRUDWHG LQ WKH PRGHO� ,Q DGGLWLRQ� DQ

HIILFLHQW DQG DFFXUDWH DOJRULWKP KDV EHHQ SURSRVHG LQ RUGHU

WR REWDLQ D VLQJOH HTXLYDOHQW LQSXW IURP HYHU\ SRVVLEOH LQSXW

SDWWHUQ WR D FKDLQ� 7KH SURSRVHG PRGHO H[WUDFWV WKH RXWSXW

ZDYHIRUP RI D FKDLQ ZLWK YHU\ JRRG DFFXUDF\ FRPSDUHG WR
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