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Abgtract: A five transistor nonlinear
load line is presented for use in analog
CMOS circuit design. The load line can be
adjusted, possibly dynamically, by an
external voltage to fit the situation. In
this paper the load-line circuit is
presented along with design equations and
an example of its use in the realization
of a neural type cell. Other uses are in
relaxation oscillator and chnon generator
design.

1. Introduction

In active analog circuits load
lines are critical to the behavior of
the circuits since they serve to
establish the operating points of the
transistors [1l, p.339]. The standard
load lines covered in textbooks have

linear current versus voltage
characteristics that intersect the
voltage axis at the bias supply
voltage. But in situations where two

or more operating points are needed,
such as in relaxation oscillators,
linear load lines may not be suitable
while in the realization of vlsi
analog circuits linear resistors are
not the most convenient to fabricate.

Consequently, diode connected MOS
transistors become of interest but
these again may not properly

intersect the characteristics of the
device being biased. In particular
this occurs when we attempt to secure
a wide range of operation of the
neural type cell (NTC) [2]. For this
reason Tsay [3] has introduced a CMOS
load line which attains a desirable
shape. Here we give design equations
for Tsay's load line as well as make
it voltage adjustable so that it can
be used in situations where dynamic
change of the load line is needed.

2. Nature of the Circuit

Figure 1l(a) shows the load-line
circuit under consideration while Fig
1(b) shows a typical characteristic
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that can be obtained from it. In Fig.
1(b) the DC 1i(v) characteristic,
I(Vin) versus Vin, are measured in

the upper 1left corner of Fig. 1(a)
with the current direction chosen to
coincide with that going to the left,
into the device for which this is the
load. An adjusting voltage can be
applied to the lower right transistor
Mn6é. The left most transistor, Mp3,
acts as a diode load while the two
upper right and the lower left
transistors act to give feedback to
make the load line rise and fall in a
desirable manner. Figure 2(a) shows
sets of load line curves with various
transistor W/L ratios, with Wp4 swept

over 6umSWp4<l4um (from bottom to
top), with each value of Wp4 having
three wvalues of Wp5 swept over
6umsWp5<l4um (top to bottom), in 4um
steps and for wvarious adjusting
voltages, -4V<Vadap<-2.5V stepped by
0.5V(from bottom to top) in Fig.
2(b).
3. Analytic Treatment

As seen in Fig. 1(b) there are

four regions of interest. Here we
develop the equations describing the
i(v) curve in these four regions such
that they can be used for design of

the load line with various
properties. However, due to space
limitations we will make the
development for the adaptive
transistor turned off; its effect is
already seen in Fig. 2(b). For this

the hardest part is determining the
boundaries of the regions in terms of

the applied voltage. We use the
standard MOS transistor equations:
Idn=1sp= (lap,c)

0 for | Vgs|-| Vthis 0;cutoff

(Ves-|Ven)? for 05 Vgs/-| Vthiq Vds; saturation
2(|Vg|-|Vth|)|Vdsi-Vd} for 0< Vds|< Vgs|-| Vth|; Ohmic



where Idn is the drain current of an
n-channel device, Isp 1s the source
current of a p-channel transistor,
Vth is the threshold voltage of the
transistor and P=KpW/L with W & L the
width and length of the channel and
Kp the Spice gain parameter. Eguation
(1) is set up to hold for either an n
or a p channel device for which n or
p will be appended as subscripts when
needed. By observing that Idn5=Isp5,
Vgpd=Vdp5=vdn5=Vgn5, Vdp3=Vgpi=Vdpi=

Vgp5=Vin we can calculate the state
of each transistor {cutoff,
saturated, or Ohmic) . The
calculations are somewhat extensive
so the results only are summarized
here. First we note that Mp3 is in
saturation for all Vin<vdd-!Vthp! and
otherwise turned off. 8So we can
calculate the states of the other
transistors and add Isp3 to the
resulting current. We alsc assume
that Vin is limited to the range of
VssSvVinsvdd. The current I is that
flowing into the top of Vin and is
Isp3+Isp4.

I. ViI=vdd- |Vthp |<vVinsvad =2

MnS, Mp3 & Mp5 cutoff, Mpd4 Chmic
Assuming Vinternal varies
linearly with Vin(from Vss to
Vss+Vthn),
= Isp4=Bpd(2((1-— 2 Jydd+ — 9™ vin
prere |Vth T [ Vitp |
- Vss- | Vthp ) (Vdd - Vin) — (Vdd - Vin)?) 2)
II. ViIIgvingvdd- |Vthp! = Mn5,
Mp3 & Mp5 saturation, Mp4 Ohmic
The break point ViII is (found
by setting Mp4 at Ohmic = saturation)
Vs + ,ﬁ—"%Vdmvmnar(l— 'ﬁps)wthm
Vill= Bn fns 3)
(s B
Pns
1=Pp3(Vdd-| Vthp|-Vin)2 + Bpd(2(~(Vss + Vihn) + @)
(- Hg"s J(Vdd- | Vithp [} + /EP Vin)(Vdd - Vin) - (Vdd - Vin)?)
ITI. ViIIISVinsvill - Mn5,

Mp3, Mp4 and Mp5 saturation
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The break point ViIIT is (found

by setting Mp5 at saturation = Ohmic)
Vss+ %ww Vihn - (1+ ‘%}yvmm
Villl= - (5)
a+ [593,
pns
I=Pp3(Vdd-| Vthp |- Vin)® + Pp4(—(Vss + Vthn)
(- g?s ¥(Vdd-]Vitp[) + | E" B0 viny? ®)
IV. Vss <Ving ViIII -2 Mn5, Mp3
& Mpd saturation, Mp5 Ohmic
T=Pp3(Vdd~| Vihp|-Vin)* +Ppd(x~| Vitp )? (7a)
where x=Vdd-Vinternal is easily
calculated from the quadratic
equation
(BoS+ Posix? — 2[ BaS(Vdd — Vss — Vithn) +
Bp5(Vdd — Vin—] Vthp Jx + PnS(Vdd - Vss - Vihn)2 =0 (7b)

The sclution using the negative sign
for the radical is the cne desired
(to match at ViIII).

From the region II equations
above we can obtain the wvoltage at
the peak, a useful design point,
assuming that it is in region II:

Vin_peak = Npeak/Dpeak

Npeak = - Bp3(Vdd-| Vthp ) + Bpd[Vs +2 '-E-E;Vdd
1,

(3a)

+Vihn +(1— P!%)\Vthpl] (8b)
Dpeak =—pp3 + ppd(1+ 2 ’gp (8c)
Using (8) one can choose transistor

W/L ratios to obtain desirable peak
points.

4. Discussion

The above equations represent
analytic determinations of the 1i{v)
curve of the load 1line which are
useful for design. In terms of actual

transistors they give reasonably
close answers, as we have checked by
numerical evaluation for the

transistors in the circuit of Fig. 1.
But there are second order effects
not taken into account which mean



that Spice runs should be made to
incorporate the other effects, such
as channel 1length modulation and
channel undercutting. By
differentiating the current in Region
IV we can also determine the value of
Vin needed to obtain the valley, but
space limitations preclude its value
being given here.

One use for this load line is
illustrated in Fig. 3(a) where a
voltage variable current hysteresis
uses this load line, on the right, to
generate neural-type pulses. Figure
3(b)&(c) illustrate that the 1load
line cuts the hysteresis as the
hysterisis moves, something which is
generally not possible to achieve
with a linear load line.

Vild

Acknowledgment : This work was supported
in part through the Small Smart System Center,
UMCP.

References
[1]. A. S. Sedra and K. C. Smith,
*Microelectronic Circuits," Saunders College
Publishing, Fort Worth, 1991.
[2] G. Wolodkin, N. El-Leithy, M. de Savigny,
S. W. Tsay, and R. Newcomb, "A Semistate
Description for Hysteresis in MOS Neural-Type
Cells," Proceedings of the 33rd Midwest
Symposium on Circuits and Systems, Calgary,
Canada, August 1990, pp. 289 - 292.
[3] Suan-Wei Tsay, "VLSI Realizations of
Neural Chemical Pools and Their Applications,"
Doctoral Dissertation, University of Maryland,
College Park, May 1991.
[4] Angela Hodge and Robert W. Newcomb, "VLSI
Chaos Generation-Hysteresis and the Neural
Type Cell," Proceedings of the 1995 World
Congress on Neural Network,
Washington, DC, July 1995, pp. I-250 -I-253.

=4y
AM124P

L=4
I AMI204P

Vdd_'___

+5V

=12y

Vin " load
L T1=0s V1=-5v
T2=10s V2=+5v
T3=20s V3=-5v

load using AMI 1.6u process,
level 4(BSIM1) Spice models

internal

MET. L
muuhﬁ I “mun ~Vss ﬂ+

Vdd
a

=1
L;;I =4u
4J ad «
Vadap | |

6 -5V

Figure 1(a) The load line circuit

400un

2080un

e I(Vin)

I

U_vin

Figure 1(b) I-load versus Vin characteristics, vadap=-5v

- BB et



5.0 v 5.00

o o v [(Uild) o 1(Vild)

U Uin ¥ Uin
FPigure 2(a) Load line with various Figure 2{(b) Load line with various
transistor W/L ratios, Vadap=-5v adjusting voltage, -4.0vsvadaps<-2.5v
Mp8  Mp2 uc-ov DC=0v Mp3 Mp5 vad

vid . ng Vd:ﬂ_
L Vh s Vild L-'w 2
AN1ZLAP L n A2L4P ‘j ﬂI_‘rmm.nw ’;‘w -
i memid
Mn | Mn6 SV |-

' lnt
'_m— T1-05 V1=-Gy
+ ‘ Wit W r_rlﬂr" lil T2=10s V2=+5v a U t"i%”
T3=20s V3=-ov = { > Vss—

mEmmLu_) i_AeraN AM12L2_1 L mzm mﬂum VSs s_l':

JZ§

{VE} PARAMETERS:
S NTC hysteresis and load for AM| Wp4 1%y
1.2u process, level 4 VE -2.5v
(BSIM1)models

Transient analysis, Final time = 20s, Print step = 20ms, Step ceiling =0.1s

Figure 3{a) NTC circuit

787



