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Abstract
This work presents @ mew compac! structhwre jor a
digitally  programmable cwrvemt  Schmit-trigger
comparator, which is compatible with VL8] processes
programmability is achieved by means of MOSFET-only
current dividers. The effects of offset voliages and
of the comparator are shown.

1L.Introduction
The development of basic circuit cells 1s very important
to decrease the development time of more complex
sysiems. Comparators can be seen as 2 class of these
cells.
Schmiti-iriggers are oficn used becanse of its property of
elimunating the comparator chatier. Cuorrent Schmiti-
tniggers are particularly wseful in photo detectors. optic
remoie control and medical mstruments [1].
This work presents 2 new compact stuctae for 2
digitally programmable cument —Schmiti-tngger
comparator, winch 1s compatible with VLSI processes.
Several different cumrent comparators structures have
already been presemted [2-5). Some of them operate at
high speed [2, 3], others present high accuracy or are
Df[iet-ﬁ'cc[I-IlSJ_blnmofﬂnnhv:ﬂ:mg:ml
programming charactenstic. Combmed with seli-
adaptive stuctures, this comparator can achieve high
speed and high accuracy.
This paper is organized as follows. Section 2 presents the
basic non-programmazble structure of the Schmitt-tngger
comparator. In section 3, we show how to program the
Schrmtt-trigger by means of MOSFET-only cumrent
dividers. In section 4, we analyze the effects of offset
voltages and freguency mespomse of opamp’s on the
accuracy of the compamator. Simonlation results are
shown m section 5.

2. The basic structure of the comparator
The basic non-programmable structure of the proposed
Schrmtt-ingger can be seen m Fig. 1.

The bias voliage Vgac 1s such that 1t allows meaximum
current swing through M;. It aiso guaraniees the dramn
currents ln_“, and Ip_m. ﬂl!ﬂ.lgh Ml and W2
respectively, to have the same magnitude, equal 1 Iis
[6.8]. Thus:

bu=bw=hks (1)
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Fig. 1: Non-programmzble Schmitt-trigger.
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Fig. 2— Circuit to generate the bias voltage Vs

Transistor M3 was designed 1o operate m the mode
region for 2n mput current below 154 Indeed, M3
acts an J-ie-V converier.
Now, we can start to amalyze the operation of the
comparator. The comparator (AZ) output changes
whenever the current Ingr sguals zero, as can be seen
Fig. 1. Under this condition, voltage Vy; 1s zero, oo,
and the voltages on the non-mverier and mnverier mpuis
of A2 opamp are the same and egual 0 Vgas, dnving
the comparator to the threshold state.
The current Ings is given by (2) and (3). depending on
the state of V.
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Iy = I I,

Iner = I — Inss
If Vy is on the “high” staie, M1 s “ON’ and M2 “OFF".
According 1o (2), 1o have Ipgr = 0, I must be equal 1o
* Iper . In the same way, when Vy is “low™ M2 15 ON’
and M1 is “OFF . According to (3), 1o have Ipgy = 0, I
must be ‘“+Ig=r". Hence, we obtain a hysteresis loop with
the transition points at ‘g

if Vy=HIGH . (2)
fVx=1OW (3

3. Programmable structure

One can program the Schmiti-tngger if current dividers
substitute for transistors M1 and M2 m the circuit shown
in Fig. 1. These dividers present an input current equal to
I and omput currents egual o ‘Ol and
o) lger’, where ‘0’ is dignally contolied by 2 bmary
word. Fig 4 illustrates the new hysicresis loop, together
with the programmabie circuit. Note that ‘o’ and ‘B’ are
programmed by a digital word.
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{4b) Electrical scheme
Fig. 4 — Digitallv pregrammable Schmiti-trigger
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Fig. 5— 2-bit MOCD

The current divider is 2 well-kmown and widely apphed
network called Mosfet-Only-Current-Divider (MOCD).
This cument divider was introduced m [11] and
operates similarly 1o the classic R-2R metwork Jis
principle of operation is detailed m [11, 12]. Fig. 5
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shows 2 single 2-bit network. The termmal Izbeled V.
can be used 25 an “ON/OFF switch. The voliage =1
‘surn’ and ‘dump’ terminals must be fthe same. As
previously mentiened. ‘e’ and ‘B’ are contrelied by
binary words applied 1o the MOS switches m the parzaliel
branches of the MOCD. Eguation {4) gives "o and §°.
where ‘b’ is the digital word in base 10 and "n’” s the
number of bits.

4)

The operational amplifiers of the comparator are Class A
Miller opamp's. The main charactenistics of the Miller
opamp's zre shown in Table 1. In order o mmprove the
comparator performance, cach differential amplifier
shounld have z specific design. Al should have 2 veny
high GBW =nd A2 which operates as 2 voltage
comparzator, must be as fast as possible.

DC gain g7 dB
x 20 MHz
Product (GBW) :
Phase Margim = Depree
Maximum Output
c 26 HA
Supply Carrent o HA
Siew Raite 23 Vigs
PMOS mput paw

Table T — Characteristics of the Miller opamp

4. Error analysis

One can find two main errors m the hysteresis curve: a2
right or left shifi from the ongn and an opening of the
hysteresis loop, as depicted in Fig. 6. The first one s
caused by an offset current that adds a svsiematic 107
1o the companson level for any ‘o’ or “B’°. Iis main ermor
sources are the offset voltages of ‘the opamp’s. The
second cffect is camsed by 2 switching delay between the
instants that I reaches the comparison level and the
actual Vy switching. The phase delay of opamp Al and
the transient response of A2 arc responsible for thos
switching delay, as will be shown in sechion 4.2.
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Fig. 6 —Graphical representation of the main errors
in the hvsieresis ioop

4.1 Hysteresis loop shift
The offset voltages of both Al and A2 contribute 1o the
shift of the hysteresis loop. First let us consider only the
effect of offset voltage “Vps ;" of Al. It 1s easy 1o sec




tius offset voltage gives rise 1o an offset current egual to
Vos 1'8ms throngh M3, where gms: is givenby

m=%%{¥\"] o

On the other hand, assuming the offset voitage of A2 10
be “Vog o', the switching of Vx occurs at an input
wo‘fﬁm]mv“s"‘v‘s_z.m-m
current equal 1 Vpg 3 8n through M3 is meeded to
compensate Vs 3. The combination of the two offset
voltages results m an offset current in the hysteresis loop
given by los = (Vs 3 + Vips o) gmss.

Thus error can be mimimized with a very careful layout to
minimize Vs, Smaller g, values would reduce lom
However. Al would saturate for smaller values of I
Conseguently, the valne of g, wounld have to be
mcreased.

4.2 Opening of the hysteresis loop

As mentioned before, the opening of the loop is caused
by 2 switching delay. The two main sources of fhis error
are the finite gain-bandwidth product of Al and the
transient response of compamator A2, The limited
frequency rtesponse of Al meeds 2 carcful atiention
because its effect is more difficult to ehmmate. To verify
the mfluence of the freguency response of Al let us
consider Fig. 7, which represents 2 first order AC
eguivalent of the circuit i Fig. 4. To simphfy the
analysis, the conversion i, 10 v 15 assumed to be linear.
Furthermore, the effect of the conductances of the
MOCD’s in the frequency range that we are interested in
1s very small owing to the high opamp DC gain.
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Fig. 7 — Eguivalent AC circuit
The transimpedance v/, associated with the ciromt in
Fig 7 is given by

1—2=
By %)

Ne .

i, Bo¥sC +g,

Considening gy << g and g,/8ms >> 1, we can simplify
(6) and obtain

v 1 1 1 1 o

Yo .
Rsas el LT 45 i .
ﬂg_ " -GBW

i

MGBW=5.DI-CL.

The phase delay (8,) of *vy” can be measured from fhe
transimpedance phase. From (7) and for small phase
values, we have

£ =2 e ot oslfBhy
'."*-'iuw l=m -1

Now, we are going 1o consider the effect of this phase
delay on the comparator threshold. Let “8,” be the phase
between v, and i, at 2 specific frequency. The ideal
switching occurs when Iy reaches odges (Blgss). At this
point, Vj is supposed to be equal 10 Vg However, Vy
will equal Vg 2 “little bit late” due 1o the phase delay
“8,". The delay is graphically shown in Fig &

Fig. 8— Error Ai cansed by 8,

The relative cmor “Aifadyss” is given by (9), where X 15
peak value of Iy nommalized to lger. Accordmg 1o ()
znd (9), we obtain the expression that defimes the eror as
2 function of the frequency, shown in (10).

= & X o Segh s . |
== g 8, -cos(8,)
s s & (10$)
E:m = “[_‘{_x‘]]
3. Results

In this section. we are poing ¥ show some simulaied
results, which were obtained from SMASH [14] using
the BSIM3v3 model with parameters from AMS 0.8um
process {13].

In the very first design, the cument Iger 35 38 7uA. For
all the MOCD’s tansistors, W=8pm and L=5pm
Transistor M3 has W=16pum and 1=10pm_ The specs of
operationzal amplifiers are grven m Tabie 1

The DC transfer characteristic -of the comparator s
shown mn Fig. 9. One can program the histeresys loop by
means of ‘0’ and ‘B".

The second result, shown in Fig. 10, was obtammed when
an offset of SmV was inmroduced i each opamp. The
expected shifi s 2:8uA . The stmuilated result (33uA) 1s
very close 1o the theoretical one.




Fig. 10 — Simulated shift error

in the last result shown m Fig. 11, we check the
somparator accuracy as a function of frequency. The
theoretical and simulated errors are shown for =1 and
| X=12 The opamp’s have GBW egual 10 2.3MHz.

® Atlow frequencies, where the error *£” 1s very small, any
' distwrbance becomes relevant. The systematic offset
* woltages, even though close 1o zero and finite open loop
" gam of the opamp’s produce 2 kind of error floor, as can
* beseenm Fig. 11.
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Fig. 11 — The error as a function of freqguency

6. Lavout
“’:Izv:domtbsci:nﬁtunﬂu:ﬂ&m process from
AMS, which is 2 doubie-metal/double-poly process The
core area is 0.7imm" and 2 37mor with pads. The final
Eye s sownmTg 11
The design sent 1o fabrication includes two comparators

and 2 voltage divider implemented with swo MOCD s
mstead of two single transistors.

Fig. 12 - L aveut of two comparaters and 2 voltage divider

7. Conclusion
A mew topology for 2 current Schmitt-trigeer was
presented. Tts main advantage 1s the very simple digital
programmability. Some simulated results were shown
and the concepts were proven. The circuit was layved out
and sent 1o 2 foundry.
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