48 CMOS OTAE 0|83 HAZ vixgz z 9
=& 2006—43SC—-6—-7
= -y — -
CMOS OTAE o]&3t BAZ HE3I|Z
( Pulse Width Modulation Circuits Using CMOS OTAs)
7‘:;' —E—*’ 71:][ ‘6;] %**’ Zg _%]_ }fj***
( Hoon Kim, Hee-Jun Kim, and Won-Sup Chung )
Q o
E =F& CMOS OTAE ©] &% 3 719 PWM BZ7E Agt3it) o] 58 Ax AR 9 AFZ JAALGLS 23S F 9|
£ #FYE EYAZ FAHJT NE 23E AHEE BHE %ﬁéﬂi“ ?ﬂ]"}% PWM 3259 AH|&o| HYPHLR AoJd ¢
RS HoFg. Aty ¥MRyELe F27) kasy] Wi 2 ICE 44 AR & ok

Abstract

This paper presents three PWM modulators using CMOS OTAs. They consist of a ramp integrator and current-tunable
Schmitt. triggers. Prototype circuits built using discrete components exhibited that their duty cycles are linearly controltable.
The proposed modulators can be easily fabricated in a monolithic IC, because they have a simple structure.

Keywords :
1. Introduction

Pulse-width modulation (PWM) is being used for
digital éudio, communication, and power conversion
UH A PWM signal can be generated by
comparing an information signal with a saw-tooth or

systems

triangular waveform. In general, this circuit is readily
implemented using an operational amplifier (OP-amp)
RC integrator and a Schmitt tn'gger[‘u, but can also
be obtained using a current conveyor instead of the

OP- amp[S] A derivative PWM signal generator using
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operational transconductance amplifiers (OTAs) has
also been reported™. There are other methods of
producing a PWM pulse train, such as, with the use
of voltage- or current—controlled delay cells™ ® and
a voltage-controlled phase shifter™.

This paper presents three PWM modulators using
CMOS OTAs and compares their performances. Since
the identical OTAs are used as circuit-building
blocks, the advantage of the proposed circuits is theif
integration. Their operating principles are described in
section II. In section I, the pulse periods of the
PWM modulators that are considered non-ideal
effects and their temperature stabilities are discussed.
The experimental results using discrete elements are
presented in section IV.

0. Circuit Description
1. Adjustable Schmitt Triggers and Their

Second—order Effects

Schmitt triggers with adjustable threshold voltages
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(@) Circuit diagram of a direct positive feedback
adjustable Schmitt trigger, (b) ideal transfer
characteristics of the circuit in (@), (¢} Circuit
diagramof a  OTA-R  positive~feedback
adjustable Schmitt trigger, and (d) Ideal transfer
characteristics of the circuit in (c).

can be obtained by using OTAs. Circuit diagrams of
two OTA Schmitt triggers for a single supply and
their transfer characteristics are shown in Fig. 1'%
The direct positive-feedback Schmitt trigger shown
in Fig. 1(a) consists of an OTA and a positive-
feedback resistor R. Ideal high and low threshold
voltagesof this Schmitt trigger are as follows:

Vi = R(Ip + Ip) (1a)

Vi = R(I — Iy) (1b)

These threshold voltages are linearly adjustable
with the dc bias current of the OTA, but are
identical tothe output voltage.

The Schmitt trigger shown in Fig. 1{c) has an
OTA-R amplifier in a positive-feedback path. This
results in the independent of the output voltage from
the threshold one. The reference voltage V3 in Fig.

1(c) guarantees the saturation of the OTA; at a low
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Fig. 2. Non-ideal transfer characteristics of the OTA
Schmitt triggers:. (a) and () effect on the finite
input linear range of the circuit in Fig. 1(a) and
{¢), and (¢ and (d) effect on the saturation
current increase.,

saturation level when the output voltage Vep 1S zero.

The short dashed line in Fig. 1(d) represents the
transfer characteristics of U, and the solid line

represents those of the threshold voltage. Ideal
threshold voltages are given by

Vi = R(I; + I,) (2a)
Vi = R(lp — Iyy) (2b)

In practice, the threshold voltages deviate from the
ideal ones by the finite input linear rangeand the
Saturation current increases over the bias current of
an OTA. Fig. 2 shows the non-ideal transfer
characteristics of the two Schmitt triggerswhen the
OTAs shown in Fig. 3 were used: Fig. 2(a) and (b)
show the effect on the finite input linear range of the
circuit in Fig. 1{a) and (c), and Fig. 2(c) and (d)
show the effect on the saturation current increase.

In Fig. 2(a), the dotted line shows the ideal
transfer characteristics of thecircuit in Fig. 1(a) and
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the solid line shows the transfer characteristics
affected by the finite input linear range of the OTA.
To estimate such threshold Voltagé variations,
assume that the output voltage v, is saturated at its

high saturation level and the input voltage vp is
increasing into the high threshold voltage level. When
the differential input voltage of the OTA reaches the
boundary voltage of the input linear range, VIe/K
(K= (1/2)uCox W/L), the OTA begins to operate
in the linear region and the threshold voltages
decrease. The threshold voltage variation is given by
the following equation, using linear agﬁrommationi

Vor = R(IR+IB) - %5’011
. G.R
=R(‘IR+IB)_——G’—f2—T’U11 3
Gult [ [T
_W{ % R(IR+]B)}

where G,, is the transconductance gain and dvp is

the input voltage variation from the boundary voltage
of the input linear range. As v n increases, vy, falls

in terms of (3) until the differential input voltage
again reaches ./Ip/K, after it passes the point at

which v;, and v, are equal. This, in turn, causes

the Schmitt trigger to' switch to the low saturation
level. The deviation of v;; during the OTA operation

in the linear region is twice that from the starting
point of the linear range to the point at which vp

and vy, are equal. The transconductance gain of the
CMOS OTAs shown in Fig. 3 is /2KI; , when its
input voltage is zero. Substituting v, = vy, in Q)
and deriving the variation of v, in the linear region,
the high threshold voltagethat is affected by the finite
input linear range is given by i

Vo =R+ Ip)
_ [Ta(_2R\RET, |
K | 2R./2KT,— 1

Fig. 2(b) shows the effect of the finite input linear

(4)
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Fig. 3. Circuit diagram of a CMOS OTA.

range of the circuit in Fig. 1(c). The short dashed
line shows the transfer characteristics of the output
voltage vy,, and the solid line shows those of the
threshold voltage F_UTZ. Assume that the output
voltage v, is -saturated at its high saturation level
and that the input voltage vy is increasing into the
high threshold voltage level. The OTA; begins to
operate in the linear region when its differential input
voltage reaches_ the boundary voltage of the input
linear range, but the OTA; is still saturated and thus,
the threshold voltage does not change. The output
voltage variation in this region is given by, the
following equation, using linear approximation:

voe = Vpp— G Rup

where G,,; is the transconductance gain of OTA;.

()

When the decreasing vy, reaches the boundary
voltage of the input linear range of OTAy
Va+ In/K, OTA; will begin to operate in the
linear region. The value of vy at this point is given

by

[Bl VDD—
V&

OTA; and OTA: operate in the linear region until

Ve— VInlK

Gm lRo

©

the decreasing v, reaches the boundary voltage,
vp— /I /K, that makes OTA; again goes to the

saturation region. The variation of v, in this region
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is given by
Gy Go R R
V= R(Ip+Ip) — Il 16177 25 R_1 (vp)
Gml GmZRaR (7)

B Gml Gm2RoR— 1 (’UIQ L’m= Vet \/'Gﬂx’)

Substituting vz with vy — ,/13171( in (7), the
variation of the high-threshold voltage is given by

- 1) ®)

As a result, the OTA-R positive-feedback Schmitt
trigger is insensitive to the finite input linear range
of an OTA, compared withthe direct positive-
feedback Schmitt trigger. '

The effect of the OTA’s saturation current
increase, which consisted of the circuit in Fig. 1(a)
and (c), is illustrated in Fig. 2(c) and (d),
respectively. The ideal saturation current of the OTA
should be equal to the current value of its dc bias.
The non-ideal saturation current slightly increased,

VTH2 = R(IR+IBZ)
Voo— Vr

[ Ip
= — /2RI,
8K /Tyl R,R— 1

however, with the channel length modulation of the

MOSFETs, which consisted of the current mirrors of

the OTA. Assuming that the simple current mirror

was employed and the MOSFETs were perfectly

matched, the non-ideal saturation current of the OTA
A (Vpss — Vo

I, would be as follows:
[0:{1+ T+ A Vpg }IB

= {1+ X (Vpn— Vpa ) Hp

(9

where A is the channel length modulation parameter,
Vps is the drain—to-source voltage of the diode

connect MOSFET, V), is that of the other one, and
I is the bias current of the OTA. The equation (9)
shows that Alz in Fig. 2(c) (d
A(Vpse — Vs M.

and is

(392)
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2. Saw—tooth Carrier Based PWM Modulator

Fig. 4 shows a circuit diagram of the saw—tooth
carrier based PWM modulator operating on a single
supply. It consists of the direct positive-feedback
Schmitt trigger, an integrator composed of the
current source Ip and the capacitor (), the inverter,
the n-MOSFET switch A4, and a comparator
composed of OTA: and its output resistance. The

waveforms associated with this modulatorare shown
in Fig. 5. To see how the modulatoroperates, assume
that the output voltage of the Schmitt trigger v, is

at its high saturation level, R,(Ip+ Iy), thus
opening the n-MOSFET switch #; and charging the
capacitor C; with a slope of I/C;. The input
voltage of the Schmitt trigger v; continues to
increase until v; reaches its high-threshold voltage,
Vyg = R, (I + Ip). During the interval 73, the
following equation is obtained, from Fig. 5,

Rl (IR+IB) _Rl (IR_IB) — i

T, C (10)
Rearranging the equation gives
Iy
= 2ClRl‘I— (11)
T

When ¥; reaches Viyg, vy will switch to the low
saturation level, R, (I, — I). At this instant, switch
M, shall close. This, in turn, will exponentially
discharge capacitor C, via switch M. Since the
on-resistance of M, is very small, interval 75 can
be neglected compared to 77. The period of the
saw-tooth waveform 7.; is A

I

T, ~2CR,— (12)
Iy
Note that the period of the saw-tooth waveform is

directly proportional to the currents ratio, Ig, s0 their

temperature-dependent terms are cancelled out.

Neglecting the temperature coefficients of C; and
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Fig. 4 Circult diagram of the saw~tooth carrier PWM.
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the: circuit in Fig. 4.
R,, the period is stablé against temperature
variations.

The PWM signal is periodically generated by
comparing the signal voltage vy with the saw-tooth
wave voltage v, From the waveform of the PWM
signal v, shown in Fig. 5, the duty cycle D is given
by

Us(fonTsl) 1 (

£ -2
2RIy 2\ I
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3. Triangular Carrier Based PWM Modulator

A circuit diagram of the triangular carrier based
PWM modulator is shown in Fig. 6. It consists of the
OTA-R  positive-feedback  Schmitt trigger,
OTA-C integrator, and a comparator composed of

an

OTA; and its output resistance. The waveforms
associated with this modulator are shown in Fig. 7.
To see how the modulator operates, assume that the
output voltage of Schmitt trigger v, is at its high
saturation level, V., thus samraﬁng OTA; and
charging capacitor C, with a slope of Iy /O2 The
input voltage of Schmitt trigger v; continues to
increase until ¥; reaches the high—threshold voltage,
Vg = Ry (I + Iy ). Interval T, is given by the
following equation, from Fig. 7.

(14)

When v; reaches Vg, vy will switch to the low

saturation level, &, (Z; — I, ), which is much lower

than Vz and this, in turn, will reverse the output
current of the OTAs Thus, v; starts to decrease
with a slope of — I, /C,. Interval 7, is given by

1
T,= zchz-[ﬂ (15)
f:5
Combining (14) and (15), the period of the triangular
waveform 7}, is

I

TSZ:4C’2 133

(16)

Similarly to the equation (12), the temperature-
dependent terms of the bias curents, [, and g,
are cancelled out, and the period is stable against
temperature variations. '

The PWM signal is periodically generated by
comparing the signal voltage vg with the triangular
wave voltage vz During interval D, 7, the
following eqﬁation is obtained from the waveform of
the PWM signal 7, in Fig. 6
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v, (D Ty) — By (I — Iy) _ ‘I_st~ an
DinTy G,

from which is obtained:
DinTy = “— {Us (D{’l:”sz) R, (]R - IB)} (18)

Similarly, during (1 ~D)nT, the following is
obtained:

(Dgle ~)D )?ZZR Is) %i_ (19

ez 53

from which is obtained:

(1=D)nT,=
Gty on L) - Bty 1)) P
83

From (18) and (20}, the duty cycle D is given by the
following equation, assuming that vs(DnT.,) =
v{DnTy) = vs(DnT,,/2):

D= vsgﬁ IB;/Q > (1- 1{&) (21)

4. Current—sensing PWMModulator

Fig. 8 shows a circuit diagram of a current
sensing PWM modulator. It consists of the two
OTA-R positive-feedback  Schmitt triggers, an
integrator composed of the current source I and a
capacitor C3, and the n-MOSFET switch 4. The

waveforms associated with this modulator are shown
in Fig. 9. The generation principle of the saw-tooth

wave voltage vy is similar to that of the circuit in
Fig. 4. The period of the saw-tooth waveform 74

is given by
I
Ty =4GRy~ (22)
T

The duty cycle is given by

1 %4

D=——+— (23)
2 I,
o<
<
lT Cw)D Ig 13 C‘b iA IB
_OTAS 24773 ~0TA1 —o Yoi
+ +
Vi
+ +
. V2 OTA, v OTA;
S5 M == SR, 3R
Iz 14
= = = = - =

J8 8 ME-MHAM PWM BEZE
Fig. 8 Circuit diagram of a current-sensing PWM.
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Note that the period and the duty cycle are directly
the their
temperature-dependent terms are balanced out.
Comparing the theoretical periods, the triangular
carrier based PWM modulator needs two times the
integration slope required by the other modulators,

proportional  to currents ratio, so

with the same passive components.In the third PWM
modulator, letting vy be fixed and changing v, the
pulse frequency modulation (PFM) can be realized.

III. Accuracy and Stability

1. Accuracy of the Period and the Duty Cycle
The sources of error are the threshold voltage
variations of the Schmitt triggers due to. the finite
input linear range, the saturation current increase,
and the finite switching delay due to the slew rate of

the amplifiers. The non-ideal waveforms of the

(395)

429

circuit in Fig. 4 are shown in Fig. 10. Assume that
the errors of the high- and. low-threshold voltages
are identical and that the current source I is
constant. The main source of error at interval 77 is
the variation of the threshold voltage. Thus, the
non-ideal 7 is given by the following equation, with

reference to (4) and (9):

IB{ A[B}
T, =2CR~{1+——
1 1 l[T IB

]B ]B
+2clRlTT T{—Zlega ,

V2
2R, \J2RT;—1 .

At interval 75, the time delay is caused by the slew

rate of the Schmitt trigger and the finite discharging
time of the capacitor C;. Accounting for these

(26)

where

a

factors, 75 is given by

_V_—VTA+QR"1n
Sk

V

;=2 728

2y @7
S

Ip+ 1y
]R'—

+ GiR,ln

where Sy is the slew rate of the Schmitt trigger and
is the on-resistance of the n-MOSFET switch.
Considering -the above errors, period

OTL

7., is expressed

as:
ﬂ_mlfs( NEI:
- 201}21 (ZRIIBa) |
©acin e (1 80) »
IR R T,

I Iy=1I or R, is signjﬁcantly small, the last
term in (28) may be expressed as (5R,,[I)
/(2R I;). The equation (28) shows that 7},

increases over the theoretical value due to the slew

rate and &, and decreases with the amplifier gain.
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The duty cycle affected by the slew rate of OTA; is
given by the following equation, neglecting the error
of T,

vg(DnT,) L1
2RI, 2

Voplr  Cy
2C,R I, In

D=

(29)
+

where C,, is the parasitic capacitance of the output
of OTA;, and Ip, is the bias current of OTA,.

Fig. 11 shows the non-ideal waveforms of the

(396)
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circuit in Fig. 6. The source of error during interval
77 is the saturation current increase in the OTAs
and the varation of the threshold voltage, and the
source of error during interval 75 is the slew rate of
the Schmitt trigger. Interval 73 equals the sum of

T, and 7. Considering these effects, the period 7,

3 Ip (14 ALy/Ip,
T =4GR (1 T ALy/In

is as follows:

_40232%(\/m1?— V2b)d (30)
B3

In [ In (, Al
raan el (-2
where
Vop— V; ’

‘m( 2 j
CZBKNIIBIIBZRORQ

1
d_c'—l

Sk = the slew rate of the Schmitt trigger.
The equation (30) shows that 7, increases with the
slew rate and decreases withthe gain of the amplifier
and Vp. The non-ideal duty cycle which affected by
the slew rate of OTA, is given by
o) 4y )
2R, 1, 2 T

Viole G
ACR I I,

D=

(3D
+

where C, is the parasitic capacitance of the
output of OTA4 and Iy, is the bias current of OTA4.

In the circuit in Fig. 8 the possible minimum v,

Vop— V2R, I, is always greater than \/w_ .
Iy is the bias current of OTA; and Ip, is that of
OTAj;, because the possible maximum v; is
R, (I + Iy,). Thus, OTA; maintains its high
saturation level untii OTA; switches to the low

saturation level. As soon as OTA; switches, OTA;
also switches to the low saturation level. Similar to
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Voo,

the behavior of the saw-tooth carrier based PWM
modulator, except for the effect of the input linear
range of the OTA, the non-ideal period of the circuit
in Fig. 8 is given by the following equation, from
Fig. 12:

_ o IB AIB RonIT
1793 - 4C3R3_iT— (]‘ IB 4R3]B (32)
HGRT = (1 3,

where Sy is the slew rate of the Schmitt trigger and
R, is the on-resistance of the n-MOSFET switch.
The equation (32) shows that 7, increases with the
slew rate and R,,. The non-ideal duty cycle which
changed by the slew rate of the Schmitt trigger is

given by
VDDI T

p=1 “—(1 + (33)

2 1,
2. Temperature Stability
The temperature stability of the signal-generating

period of the modulators depends on the temperature
coefficient (TC) of the charge and discharge currents,

0|83 BAE wxslz

(397)

switching delays, and Schmitt trigger thresholds, as
well as on the passive components. To simplify this
discussion, assume that the current sources and the
passive components are ideal, and neglect the TC of
the slew rate. Thus, the temperature-dependent terms
shown in (28), (30), and (32), are the conductivity
parameter K and the on-resistance of MOSFETs.
The TC of the on-resistance is given by

18R,
R, oT

oV
Vin 0T

1 oK 1
KBT VGS_

(34)

Differentiating (28), (30) and (32), the temperature
stabilities of the proposed modulators are as follows:

1 8T, _ 1 oK
o7 —(RllBa+RIIEa)K3T
_ IB RonIT 1 BK
(2 VK™ 2311,9)1( oT (%8
R, Ir 1 Vi
2RIy Ves—V,, 0T
T, 8T V'K K \/_ 2K 8T .
ok (35b)
on
+[V + ‘/_b) K 6T
__1__6];3 5]zon[T aK
T, aT 4RI, K oT
(35¢)
_ 5Ron]T 1 aV;h
AR Iy Vs— Vi 0T
To compare the temperature stability of the

modulators, let all the values in (35) be equal to one
except that of V, =0.5, R, = R, = Ry =10, and
let B, = 100. Then, their TCs will be 70 ppm/°C,
17 ppm/°C, and 687 ppm/°C, respectively. This
reveals that the second PWM modulator is the most
stable of the proposed modulators against temperature
drift. In (35c), there is no term related to the finite
input linear range and only £, terms exist. In
general, R, is very small. Thus, the TC of the third

PWM modulator may be much less than the
estimated value.
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IV. Experiment Results and Discussion

The prototype PWM modulatorsshown in Fig. 4, 6
and 8 were built using discrete components. The
MOSFET arrays MC14007 were used for the CMOS
OTAs shown in Fig. 3. The passive component
values with 5% tolerance were adopted as follows: (4
=G=2310F, G=2nF B =3k and R2=R3 =1
kQ. The values of the current sources in Fig. 4 and 8
were set at 0.5 mA, and those in Fig. 6, at 1 mAto
make the oscillation frequency 100 kHz. The signal
current 24 in Fig. 8 was produced by a
voltage-to—current converter using LM324, a 1-k@
resistor, and current mirrors. The supply voltage

Vpp was +5 V and the reference voltage Vz was

25 V.

Fig. 13 to 15 show the measwred voltage
waveforms of the circuit in Fig 4, 6 and 8, in turn:
from the top trace, the output voltage of the
integrator, the threshold voltage of the Schmitt
trigger, the PWM voltage, and the waveform-shaped
PWM voltage. Since the parasitic capacitances and
the input linear range of the OTAs built using
MC14007 were relatively large and wide, the rising
and falling time of the PWM waveforms generated
were large, similar to those in the figures. Thus, they
had to be shaped into a sharp rectangular wave with
the two inverters connected in cascade. Observfng
the threshold voltage waveforms, one can see the
non-ideal effects due to the finite input linear range
of the OTAs such as those mentioned in subsection
A of section II.

16 the pulse-width modulated
waveforms of the proposed modulators when their

Fig. shows
input signals were 10 kHz sine wave. Fig. 16 shows
that the proposed modulators give the changed pulse
width as the magnitude of the input signal.

Fig. 17 shows the measured duty cycle D of the
modulators with varying the input signals. This
figure shows that the duty cycles of the proposed
modulator were linearly controlled by the input signal

variations. The duty cycle change was nonlinear,
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however, at the vicinity of the duty cycle, which was
0 and 100%, because the edge of the PWM waveform

CMOS OTAE o|8%
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generated was not sharp, similar to the third trace in
Fig. 13-15.
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V. Conclusion

Three PWM modulators using CMOS OTAs were
described in this paper. Their design principle and
circuit configurations are simple and theirestimated
temperature stabilities are relatively low. They can be
fabricated into a monolithic IC form by scaling their
component values. The experiment results presented
demonstrate that the duty cycles of the modulators
linearly change with their input signals. In addition,
the current-sensing modulator can be used as a PFM
circuit. The proposed modulators can be applied to
analog-to—digital and power conversion systems.
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