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Integrated voltage-controlled oscillator

circuit using single-channel
m.o.s. technology

S.Can and C.A.T. Salama

Indexing terms:
frequency oscillators

Abstract: A
The theory

Circuit-analysis computing, Digital simulation, Field-effect integrated circuits, Varigble-

vollagecontrolled oscillator (v.c.0.) circuit using single<channel m.o.s technology is described.
of operation of the v.c.o. is prescnted and the design criteria arc discussed. The results obtained

on the experimental integrated circuit fabricatcd using singlechannel lateral V-m.o.s. technology show good
agreement with the theory and with the results obtained from computer simulation. The circuit described
results in an cconomical and simple v.c.o. that may be uscful in a variety of applications.

1 introduction
Two types of voltagecontrolled oscillator (v.c:0.) are in

common use, They are:

(2) harmonic oscillators’
(b) relaxation oscillators?

Harmonic oscillators generate nearly sinusoidal waveforms,
but often require the use of inductors or large numbers of
precision components and are not readily suitable for
monolithic integration. Typical well known examples of
these types of circuits are the Hartley, Colpits. Wien-bridge,
and twin-T oscillators. Relaxation or switching oscillators
are positive-feedback circuits that operate as self-triggered
flip-flops. Typical examples are multivibrators and blocking
oscillators. Of these, the basic multivibrator circuit is best
suited for integration since it requires a minimum number
of energy-storage elements (often only one capacitor) and
its operation is not critically dependent upon device par-
ameters. V.C.Os find applications in phasedocked loops® in
waveform generators and voltage-to-frequency convertors.

In most of the recent work,* ® bipolar transistors were
used as active elements in voltage-controlled oscillator cir-
cuits. A v.c.o. suitable for phasedocked-loop operation
using cm.os. technology® has also been developed. At
present, relatively little information is available on voltage-
controlled oscillator circuits using singlechannel m.os.
technology.

The objective of this work is to present a simple inte-
grated voltagecontrolled oscillator circuit using aluminium-
gate p-channel lateral V-m.os.”* technology and to investi-
gate the operation of the circuit theoretically and experi-
mentally.

The voltage<controlled oscillator circuit described can
find a wide variety of applications and lead to considerable
simplifications in the design and fabrication of phase-Jocked
loops or general-purpose voltage-to-frequency convertors.

® This structure is not to be confused with the double-diffused
vertical V-m.os. structure® which must be used in the grounded-
source configuration and which is mainly suitable for digital m.os.
integrated circuits.
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Fig. 1 Voliage-conirolled oscillator circuit

2 V.C.0. circuit

The circuit diagram of the proposed v.c.0. is shown in
Fig. 1. The circuit is similar to a bipolar version originally
proposed by Grebene.® My, and My, are the driver tran-
sistors. The frequency-determining capacitance Cis charged
and discharged by two voltage (¥,.) controlled current
sources CS,; and CS,. The drains of the load transistors M,

- and Mp, are shorted to the gate, and these devices operate

in the saturation region when they are on. The driver tran-
sistors My, and My, are also biased to operate in the
saturation region of the characteristics.

In the following paragraphs, the conditions for the
operglion of the circuit as an astable multivibrator are
given. An expression for the oscillation frequency is
obtained. The output-voltage waveforms as well as the
limits for the linear frequency/control relationship are
investigated.

Y Mg, and Mg, can also be biased 1o switch between the saturation
and linear regions of operation of the m.os.f.e.ts, but the resulting
v.c.0. does not exhibit s linear frequency/control-voltage relation-
ship. This version of the v.c.0. is discussed in detail by Can.*
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The conditions for astable operation of the v.c.o. are as
follows: '

(a) The d.c. operating points, when the charging capaci-
tance C is removed, must be such that both driver transistors
are in the active region. ,

(b) In this active reation, the magnitude of the loop
transmission must be greater than unity at some nonzero
frequency to ensure regenerative action.

(¢) The magnitude of the loop transmission must be less

than unity at d.c. to prevent bistable operation.
With the first conditions satisfied, a calculation must be
made on the active region’s incremental model, with the
charging capacitance C short-circuited to ensure that' the
loop transmission is greater than unity, and with the
charging capacitance removed to ensure that the loop trans-
mission is less than unity at d.c.

The simplified analysis of the v.c.o. operation is based
on the I/V characteristics derived from the simple gradual-
channel approximation of the m.o.s.f..1. In this model. the
drain current I, for a p<channel device is given by:

() Cur-off region:|Vgs| < [Vrl

Ip =0 )
(b) Saturation region: 0 < [Vgg — Vol < [Vps|
Ip = =B (Vgs— Vr) ¢))]

(c) Linear region: |Vgg — Vp| > [Vps!

, V:
Ip = =28 |{(Vgs — V1) Vps — '%] - Q)
in which
HCQZ
2L

where Vpg and Vs are the drain-to-source and gate-to-
source voltages, respectively. ¥r is the threshold voltage,
C, is the capacitance per unit area of the gate insulator.Z
and L are the width and the length of the channel and u is
the carrier mobility in the channel.

Referring to Fig. 1, the operation of the circuit can be
briefly explained as follows. At any given time, either My,
and M;,, or My, and M;, are conducting such that the
. capacitor C is alternatively charged or discharged by the
constant current /,. The voltage waveforms at nodes 2, 3,4
and 5 are shown in Fig. 2. In this Figure, the subscripts /
and d refer to the load and driver transistors, respectively,
and 2AV is the full charging voltage across the capacitor C.

g = @

' -Voo -¥es! '“lo
av P
node 5 “Vpp V11 =VGsd
l =Vpo -Ves1 “Vig
node 4 RV
7 v Voo -Y1 Vgsg
! =Voo -VG 51
node 3
=Vpp <¥1
VYoo ~Yos1
node2
-Vop -¥n

Fig.2 Voltage waveforms a1 various nodes of the v.c.o. circuil
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From an analysis of the circuit, the following relation
can be obtained:

1av| = V27,1 (-'— - -—]-) (5)

VB VB

Since the timing capacitance is charged and discharged by
the voltagecontrolled current source /, during half the
period T, then

21AVIC = u.l-zT- ©)

Now, substituting eqn. § into eqn. 6, an expression for the
oscillation frequency can be obtained as

VIL]

f= (7

1 ]
42 (TE—\TE:)C

According to eqn. 7, for a linear voltage/frequency con-
version the current supplied by the current-source transis-
tors must be. a nonlinear function of the control voltage
V. to compensate for the nonlinearity in eqn. 7. A pair of

mosfets can be used as voltagecontrolled current
sources (v.c.c.s.) to perform this function.

The complete vc.o. circuit, including the voltage-
controlled current source, is shown in Fig. 3.1 For this

circuit, the oscillation frequency expression becomes

A
1 1
42 (\—/——E;—\/—-E—Lr) C

and can be simplified to

f:

. ’
‘9"“7 ryraf,

e e e Vel o
in which
n = \_/_\}3_'___; (10)
-Vop
ol

Fig.3 1.C.O. circuit diggram

3 Cis an external capacitor
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and
n = j—_'g:r 11)

The expression for fis obviously linear with respect to V.

The voltagecontrolled oscillator circuit shown in Fig. 3
provides several output waveforms, such as a square wave
between nodes 2 and 3, a linear ramp from nodes 4 and 5
and a triangular wave between nodes 4 and S.

The output obtained from the drain terminal of the
driver m.os.f.e.t. is a square wave and its high and low
voltage levels V,; and V,; are given by ‘

i = —Vpp —Vn 12)
Voo = —Vpp —Vesi = —Vpp—Vn
V2
—';I—(Vc - VTo) ' (]3)

in which Vi = Vo, + AV, The lower level is a function
of the control voltage V. and the source-to-substrate bias
because of the threshold Vr; dependence on that voltage.

The range of control voltage V, that yields a linear f/V,
relationship can be determined by considering the operating
regions of the driver transistor My and the current source
transistor M,. The driver transistors operate in saturation
when on, and the current source and load transistors are
also saturated. To satisfy these conditions, the following
equations must apply:

rz

Vro > Ve 2 "ro+7—5 Vra (14)

r
A G, -
Vo > Ve 2 Vp B+
(= Vbp — (Vn + V74)) a1sy

3 Design and fabrication of the v.c.o.

From the above analysis of the v.c.o., the gain parameters
of the current source, the load and the driver should obey
the inequality B, < B <5§ To achieve a high frequency of
operation, B, should be relatively large and r, should be
close to unity. However, making r; close to unity reduces
the amount of regeneration. Furthermore, to obtain rela.
tively large B, it is possible to choose 7, relatively small,
but this results in a reduction of the control-voltage range.
In view of these facts, compromise values for r; and ry
must be determined.

In the v.c.o. circuit, the current-source m.o.s.f.e.t.s must
have large output resistances. It is also necessary to use
large §' transistors with small internal capacitances, and it
may also be desirable to employ a technology that is
directly compatible with bipolar i.c. processing.

The lateral V-m.os. technology’ was used for the
realisation of the proposed v.c.o. It results in short channel
length, low output conductance, high transconductance,
small gate capacitance (and hence high cut-off frequency)
and high breakdown voltages. The lateral V-m.os. tech-
nology is also capable of high packing density and is directly
compatible with the V-groove bipolar i.c. process,!' permit-
ting the simultaneous fabrication of n-p-n bipolar transistors
and high-speed pchannel m.o.s.f.e.t.s on the same chip.

The detailed cross-sectional structure of the aluminum
gate p<channel lateral V-m.os.t. is shown in Fig. 4. The
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structure is similar to that of a standard m.o.s.f.e.t., except
that the channel extends along the V-groove. The particular
geometry of the V-m.o.s. offers an added advantage in con-
trolling the reproducibility of the effective channel length
and its dependence on diffusion and photolithographic
parameters. In a lateral V-m.o.s.t. structure, the effective
saturated channel length L' is given by

L' = 0865 W, —1:23x;

where W, is the width of the oxide window and x; is the
junction depth. The channe] length is determined by the
depth of the diffusion and the depth of the etched groove,
which in tumn is controlled by the width of the window
opened in the oxide. Both of these dimensions can be
accurately controlled to permit the fabrication of very
short-channel devices with reproducible characteristics. The
gate overlap capacitance is determined primarily by the
area of the diffused regions exposed by the channel etch,
since the unetched surface of the diffused regions is covered
with a thick oxide layer. This permits the use of a relatively
wide gate metallisation without increasing the overlap
capacitance. Since the alignment tolerance is mainly deter-
mined by the allowable width of this gate metallisation, it
is possible to fabricate short-channel devices using non-
critical alignment tolerances.§

The following device parameters were chosen to satisfy
a 10 um design-layout rule as well as to obtain good device
performance using the design criteria discussed. A geo-
metrical channel width Z4 = 500m was used for the
driver m.os.fets My, and My,. The channel length
Ly=10um was used and kept constant for all the
m.os.fe.t.s. The other design parameters were chosen as
3 =10 and r3 = 10/3, and the channel widths of the load
and current source m.os.fe.ts were calculated as Z; =
SOum and Z, = 15 um, respectively. No attempt was made
to /opunuse the performance of the circuit by using
minimum geometries. Rather, the dimensions were chosen
for ease in fabrication and subsequent testing, since the
main objectives in building the integrated circuit were to
check the feasibility of the design and to verify the theory
of the operation of the proposed v.c.o. circuit experi-
mentally.

The values of the significant process parameters were:

substrate type =n

Fig.& The cross-sectional structure of the p<channel lieral
V-m.o.s. transistor

§ Lateral V-m.os. technology can be optimised by the use of n-
channel rather than p-channel devices as well as by the use of a
silicon gate rather than an aluminum gate.’
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substrate orientation = (100
substrate resistivity (nominal) = 4Qcm
field oxide thickness = lum
oxide thickness over pdiffusion = 04um
gate oxide thickness = 0-1um
p-diffusion junction depth = 1-5um
p<diffusion sheet resistance = 1509/o

A micrograph of the fabricated circuit is shown in Fig. 3.

Fig.5 Micrograph of the v.c.o. circuit

4 Experimental results

In order to characterise the performance of the fabricated
v.c.0. circuit, several measurements were carried out. The
oscillation frequency of the circuit was measured for
various values of charging capacitance ranging from 30 pF
to 1 uF as a function of the control voltage V.. As shown in
Fig. 6, the centre frequency ranges from 600 kHz down to
20Hz for the charging-capacitance range under consider-
ation. The conversion gain of the circuit is 168-7 Hz/V at
1kHz.
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Fig.6 Centre frequency as a function of charging capacitance
Load capacitance Cg = 10 pF
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The variation of the oscillation frequency of the v.c.o.
circuit with normalised control voltage is plotted in Fig. 7
for a charging capacitance of 490 pF. In this Figure, the
oscillation frequency of the circuit exhibits a linear vari-
ation with respect to the normalised control voltage
Ve — Vpo| over a wide range of voltages.! At high values
of control voltage, the frequency curve saturates and the
oscillator action ceases.

The output voltage levels of the experimental v.c.o.
circuit were measured for a charging capacitancé C = 490 pF
as a function of the control voltage. The variation of the
output voltage levels of the circuit with normalised contro)
voltage are plotted in Fig. 8. Whereas the higher level of
the output voltage V,y shows very small change with
control voltage, the lower level V,; exhibits a larger change
owing to substrate biasing effects on the threshold voltages.

70r
[
601 ce °
[ ]
0r °®
[ ]
20+ .
i o
- [ ]
0 C= 490pF
= 1st-order theory
° o experiment
20- e computer simulation
10
4,,.“7 -
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Fig.7 Frequency [control-voltage characteristic
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Fig.8 Owtpui-woliage/control-voliage characteristic

W Linearity was found to be better than 1% at low values of control
voltage.
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" The temperature coefficient of the oscillation frequency
was measured at 1kHz over the range —50°C to +125°C
and was found to be 600 p.p.m./°C.

The experimental results were compared to the theory
developed in the previous Section. The theoretical curve
for frequency against control voltage obtained using the
simplified theory is plotted in Fig. 7. The agreement is good
at lower voltages; however, the theory fails at higher
voltages because the simplified m.os.f.e.t. model used does
not account for the variation of the §' parameters with
applied voltages and for the effect the substrate biasing on
the threshold voltage.

Using the program MSINC.’* a computer simulation of
the circuit taking ‘into account ' ard threshold voltage,
gives results in much better agreement with those obtained
experimentally, as shown in Fig. 7 and Fig. 8.

5 Output circuit

The voltage-controlled oscillator circuit described in the
previous Sections may be required to drive 3 compatible
m.os.f.e.t. logic gate. For this particular purpose, both the
output levels must be shifted to lower absolute voltage
values. '

One possible levelshifting circuit is shown in Fig. 9. The
circuit consists of two m.os.f.ets My and M,q, one of
which is driven from the output of the v.c.0. and the other
has an external voltage V, applied to its gate to control
the amount of voltage shift. The level-shifting voltage ¥, is
obtained internally from a biasing circuit consisting of two
saturated m.os.f.e.t.s M, and Mg,

M, and M, are required to operate in the saturation
region. Under these conditions, the relation between the
input voltage ¥; amd the output voltage ¥, of the level
shifter is given by

ﬁ'g ﬂ; y
V = V -— V + -— V - —_ V 16
o i T10 ﬁlo ™ Jﬁlo s ( )

The value of the level-shifting voltage can also be obtained
from an analysis of the series combination of M, ard Mg,

and is given by
l U
V‘ T —— (- VDD - Vra + g; Vﬁ) (17)
g, Bs
1+ [ =
Bs
A circuit diagram of the complete v.c.o. circuit, including

the oscillator section, the levelshifting circuit and two
output buffer gates, is shown in Fig. 10. A computer simu-

-Vpo

i

A=
(v,,p;)dr:.i. ‘i__'._’-—_—l“"m-%’

—o %o
My Mg
L 2 ,
o) Ly [ bons)
-
-

Fig.9 Level-shifting circuit
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lation of the output waveiorms for the oscillator section
(with C=490pF) and for the complete v.c.o. circuit,
shown in Fig. 10, was carried out. The simulation results.
plotted in Fig. 11, are in agreement with experiment and
show the usefulness of the level-shifting stage in ensuring
full output-voltage swing from the v.c.o. oscillator.

level output
#Hng— butfer =

Fig. 10  Complete v.c.o. circuit

L, tol,,=10um; 2, =2,=15um; Z, =2, =500um; Z, =
Z,=50um;: Z,=140um: Z,=25um: Z,=2,,=100um;
Z,, =320um;Z,, =20um:Z,, = $00pm;Z,, = 204m

10F o vco. osciligtor section C=490pF
o complete v.c0. C_=0pF
|W Vo | =6V

o8t §—-‘I’.23-5§5—-‘

! N
o6

2 /,',';‘7 d

N.
02

\

5 30 45 €0 =

time, us

Fig. 11 Output-voltage waveforms of the v.c.o.

6 Conclusions

In this paper, a v.c.o. circuit using single-channel m.o.s.
technology was implemented. A Ist-order theory for the
operation of the v.c.o. was presented and the circuit was
fabricated using p-channel lateral V-m.o.s. technology. The
experimental results were found to be in agreement with
the Ist-order theory and with the results of a computer
simulation of the circuit. A simple level-shifting and biasing
stage was also proposed to provide full output-voltage swing
for the oscillator. The complete v.c.o. circuit was found to
be operational over a frequency range of approximately five
decades with good linearity. The maximum frequency of
oscillation of the circuit can be increased by a factor of two
by using n<hannel technology and depletion-mode load.
which would also result in a S0% reduction in the area of
the v.c.o.
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