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Abstract— This paper proposes an alternative phase-shift
oscillator that only needs two RC sections. In ordeto extend the

frequency range of operation, a composite amplifiestructure is

used instead of a single operational amplifier bldc This solution

has some advantages on the values of the circuieeients and in

the frequency range according to the gain-bandwidthof the

amplifier. Preliminary experimental results are shavn and

discussed, which demonstrate the functionalities eected.

Ongoing research work is being carried on to improe the

oscillator performance.

Keywords—Analog design, Bandwidth extension, Canonical
oscillators, Composite amplifiers, Phase-shift odtators

I. INTRODUCTION

Sinusoidal oscillators are a classical subject @mel of the
most common applications of operational amplifi¢@A)
based active circuits, whose fundamentals are based
feedback amplifier theory and RC frequency-selecti
network response.
oscillators is depicted in fig. 1, wheréA(s) represents the

open loop amplifier gain of the amplifier afids) represents
the feedback coefficient imposed by the RC netwarkich
are both frequency dependant. Sigal in fig. 1 represents
the initial perturbation of the system, e.g. noiaden

switching on the power supplies. A negative feedba

amplifier block is normally used, to take the adeges of
negative feedback properties, which most oftenased on
operational amplifiers [1],[2] .

By definition, the gain of the feedback amplifisrgiven by
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At a given frequencyw,, the loop gainL(s)= A(9[B( 3,
equals unity with null phase shift, i.&(jw,) =100° (the
Barkausen criterion), the poles are located onirfeginary
axis and oscillations start with frequenay.

To verify the oscillation criterion, the RC netwohlas to
impose an overall phase shift of 180° when an rtmg
amplifier configuration is used, or a 0° overallapb shift
when using a non-inverting amplifier.

Phase-shift oscillators are among the classical mogt
popular RC-oscillator topologies, whose configumas are
normally based on inverting amplifiers and a thseetion RC
network. There is a common idea that the minimurmimer
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Fig. 1. General structure of a sinusoidal oscittaadeedback amplifier anc
frequency-selective RC network.

of RC sections is three. This is probably due te thost
common implementations of the phase-shift oscitlato
presented in bibliography [1],[2], or the classitapologies
[3]-[5] or even due to one of the most authoritatpapers on
classical theory for this subject [6]. If one uses inverting
amplifier than it requires a minimum of three RQtgms.

‘However, if a non-inverting amplifier is used, ontwo
The general structure of sidasoi J ’ W

sections are needed in the RC network, given tiebverall
phase shift imposed is null. This leads to the sded
canonical RC oscillators [7], which only require otw
capacitors and four resistors: two for the RC nekvwand two
for the amplifier gain.

On the other hand, for practical reasons, it isrofiseful to
extend the bandwidth in the most common applicatioh
finear active circuits. The frequency-dependanh deehavior
of active elements lead some research for improwénen
frequency operation in RC type oscillators [8] aseleral

approaches were proposed. The approach to generate

composite operational amplifiers proposed by Mikhaed
Michael [9] allows for effective improvements onniavidth
in similar applications [10],[11] with interestimgsults.

In this paper, we discuss and present an altemgiase-
shift oscillator that only uses two RC sections anahon-
inverting amplifier. In order to extend the frequgmange we
use a composite amplifier scheme instead of aesiagiplifier
stage. Preliminary results of an ongoing reseamiterning
the design and implementation of a two-section RGvark
phase-shift oscillator are presented and discusseds
demonstrating the expected features of the proposeitator.

The paper is organized as follows. Section Il pres¢he
basics of typical phase-shift oscillators and thedamentals
of the composite amplifier configuration in use €Tproposed
two-section phase shift oscillator is presentedeantion lll,
for a single amplifier implementation, and usingnpmsite
amplifiers for bandwidth extension. In section \onse
evaluation results are presented and discussed,fiaaltly
conclusions are made in section V.



Il. PHASE-SHIFT OSCILLATOR AND COMPOSITEAMPLIFIER

BASICS AND STABILITY

A. Phase-shift Oscillators

The most common configuration of the phase-shi
oscillator is presented in fig. 2. It uses an itimgr amplifier
associated with a three-section RC network. Tha géithe
inverting amplifier is given byK = —Rf/R and each section
of the frequency-selective network is equal in termf
configuration and values of the circuit elements.tihe RC
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Fig. 2. Typical configuration of a phase-shift dator based on amvertinc
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network in fig. 2Z, and Z, can either be capacitors Oramplifier and a three section RC network.

resistors. IfZ, are capacitors and, resistors, and assuming
independency among sections, the loop gain is diyen
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Through (2) one obtaing, = JGRC andE =29.

For its counterpart, i.eZ, are resistors and, capacitors,
the transfer function is given by
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In this case the frequency ig, = RC and — = 29.

R

In both cases, the gain condition remains equaltaadrC
network imposes an overall phase shift of 180hatrtatural
frequency, i.e., each section imposes a 60° pHafie either
in advance or in delay, depending on the configomatThe
finite gain-bandwidth product (GBW) of the OAs, atitke
higher value of the amplifier gain represent soimétations
on the frequency range of the oscillator. Morepweare
should be taken at design and on choosing the salfi¢he
circuit elements, namely foR , as low values on the amplifier

input impedance can significantly deviate the feagy.

B. Composite Amplifiers

Based on the ideal operational amplifier model amaillor
chain transmission matrix model, Mikhael and Midh{H
proposed several structures of composite amplifealed
CNOA'’s, where N stands for the number of operation
amplifiers used in each configuration. The simpteshposite
amplifier configurations use only two operationaiifiers —

Fig. 3. Structure of the C20A-2 composite amplifienfiguration.

The open-loop gain of the single OA used in modgtime
C20A’s configuration (assuming a single-pole modgel)
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A= i=1,2 (4)

where A, w; and wy are the dc open-loop gain, the 3-dB

bandwidth and the GBW of thigh single OA, respectively.
For C20A-2 the open loop input-output relationsisigiven

by

v, =y AALra) | AA(Lra)
o aA2+(1+g) A2+(1 G) )
v, =(V, —vb)—M*(lm)

A +(1+a)

where a is a resistor ratio.
a This composite amplifier has a single-pole roll @fm

® /A to w/(1+a) where the second pole occurs. Moreover,
it is interesting to note that, among the four abawentioned

C20A’'s — and only four meet the required perfornsneonfigurations, only C20A-2 has identical expressifor the

criteria, so only these were proposed [9]: C20AC20A-2,
C20A-3 and C20A-4. Within these, the
configuration presented in fig. 3 has special iéerfor
application on the two-section phase-shift os@liatue to its
simplicity, characteristics and features.

positive and negative open-loop gain as can berebéden (5).

C20A2I'hus, common-mode rejection ratio (CMRR) problemsutd

not occur, even for relatively large common-modgnals.
The C20A-2 is then suited for application on thepmsed
phase-shift oscillator as it fits the non invertttaracteristics.



C. Stability of the C20A Composite Amplifiers

The stability conditions of the C20A composite aifigls
are studied in [9] and [12], using the two-pole miloidr each
amplifier and the Routh-Hurwitz stability criteriofihe later
considers also the input impedance of the non-timger
amplifiers. Noting that the input impedang, is only due to
the finite GBW of the amplifier used, one assuntes the
open-loop gain of a single OA is given by

A(s) = GBW/ S (6) Fig. 4. Electrical scheme of the proposed two-secfihase-shift oscillator
using a single amplifier stage.

For practical reasons, one also assumes that theOts
are identical. Hence, neglecting the second-ordfects, it
can be shown that for the C20A-1 and C20A-2 cases:

1 K
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K is the overall gain of the amplifier. Thus, usithg two-pole
model, the open loop gain of a single OA is give by
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Fig. 5. The two-section phase-shift oscillator gssnC20A-2 noriaverting
amplifier stage.

Assuming thatwy is much smaller than any frequency o
interest and applying the Routh-Hurwitz criteriome obtains
the stability condition for the C20A-1 and C20A-2en by

Therefore, the closed loop gain is equal for bopiotogies
> 21xa) ©)
[0.5+(1+a)E] L(jo) =K ((jo) = JKaCR (11)
[1-(wRC)* |+ jawRce

wherea is the resistor ratio ané = w, /GBW .
The oscillation frequency isv, =1/RC and K =3. The
amplifier gain must beK = 3 to have sustainable oscillations

a .
non-inverting amplifier associated with a two-sentiRC and_ sl.lghtly. greater of that _value safely to _stane_
network. Since the non-inverting amplifier does atfect the ©scillations, i.e.,R, =2R+d. Without any automatic gain
phase within the limitations of the GBW product ttame is control (AGC) scheme, the stability is controlleg khe
required from the RC network, in order to verifyethnon-linearities of the circuit, similarly to othsinusoidal RC
Barkausen criterion. Therefore, in terms of phaseh section oscillator configurations.
has to behave in a complementary way, in ordeat@ta null  One sees that the two-section phase-shift osaillago
overall phase-shift. simpler than other phase-shift oscillator configiaras. On the

The practical single amplifier configuration of ghi gther hand, when compared to the typical phase-shif
oscillator is presented in fig. 4, considering afethe tWo csnfigurations, one verifies that the two-sectioscitiator
possible topologies for the RC network; the othBe @5 itS o jires an amplifier gain that is about ten tiftwser. This
counterpart. The .gam ,Of the ampl|f|er. is  defined bfea‘ture has advantages on the frequency rangeesétign, at
K'=1+R,/R and is adjustable for practical reasons. Ffe noise sensitivity and at the stability, espciat higher
either configuration of the RC network, assumingawalues frequencies. Moreover, the use of a non-invertingpliier
for the resistors and capacitors on each sectlen transfer has advantages on the input impedance of the deplifius

I1l. THE TWO-SECTION PHASE-SHIFT OSCILLATOR
The proposed phase-shift oscillator is based on

function of the frequency-selective network is givey overcoming the drawbacks of the inverting amplifier
configuration (e.g. the input impedance) while neiming all
B(s) = sCR (10) the benefits of negative feedback structure, nangdyn

(sCR*+3RCs1 sensitivity and gain-bandwidth.



The frequency range can also be improved by rapiaitie For 1nF ceramic capacitors and E12 series resistagng
single amplifier with a composite amplifier stag&he from 150 to 562, the expected frequencies ranges from 1.06
electrical scheme for the C20A-2 composite ampliie MHz down to 284 kHz. In real circuit implementatowith
presented in figure 5 and includes variable resisto adjust the TLO84 and for the single amplifier configuratjothe
the gain in each amplifier stage, for practicakmees. To have frequency values range from ~420 kHz down to ~18@ k

sustainable oscillations the gain in each stageth@e set to With signal amplitudes from ~700 mV to ~3 V. Thealre
frequency values shown in table | consider thet siéirthe

~+3 thus, an avgrage gan 9f ~3 oq .the frequency r#®19%scillations condition. These values differ morgng#icantly
expected when using composite amplifiers stage. from the expected frequencies as the resistor saleereases,
i.e., as the value of the theoretical frequencyeases, which
V. EVALUATION AND EXPERIMENTAL R'_ESULTS ) is also noticeable with the frequency deviatioratigeé to the
~ To evaluate the proposed phase-shift oscillator, W&pected value, and for the symmetry of the wavefat the
implemented the configurations depicted on fignd & using output signal, measured through the duty-cycle. fiative
the TLO84 OA (slew rate of 16 V/us and GBW ~4 MHZ)  geviation on symmetry is lower than 2%. The harrooni
the two possible RC networks and for different ealwf gistortion, in general, is better than 0.6% andi$eto decrease
resistors and capacitors. Regarding the GBW prodndgthe as the frequency increases. The value of the aispljéin, K,
frequency dependant parameters of the OA, a noerimg aiso taken for the start of oscillations conditios, almost
amplifier with a gain of 3 (K=3) using the TLOB4I@WS a equal to 3 but increases slightly as the frequafayperation
frequency range up to ~1 MHz without distortionpeleding jncreases. This is related to the compensationhef gain

on the amplitude of the generated sine wave. _ imposed by the RC network, and also due to theinflaknce
The evaluation of the oscillator considers mainhe t 5f the RC sections.
frequency of oscillation, the relative frequencyvidéon,  The evaluation of the C20A-2 composite amplifierthwi

signal geometry (duty-cycle) and the total harmatgtortion regpect to the single amplifier considers only wemditions
computed up to the seventh harmonic. One also atealithe hat allow an effective extension on bandwidth, hbatith
gain on frequency range achieved with the composie1nF: R=390 and R=560. The other two conditions suffer
amplifier implementation. The measurement equipmett fom gain-bandwidth limitations of the amplifieracathe real
includes an Agilent 54615B digital oscilloscope twiin  frequency is nearly the same as for the single dierpl
Agilent 54659A data acquisition and PC link modwed an  configuration thus, no significant improvements abgained.
Advantest R3131A Spectrum Analyzer. Moreover, from (9) one verifies that for a giversistor ratio
TABLE | stability problems may occur. For the sake of ditgbi
RESULTS FOR THETWO-RC SECTIONS PHASESHIFT OSCILLATORS THE SINGLE  precision resistor are preferred to define thestesiratio and
AMPLIFIER AND THE C20A-2COMPOSITE AMPLIFIER CONFIGURATIONS the gain. One notices that the harmonic distortion the

R=1500 | R=2200 | R=3900 R=5600 comppsite amplifje;r rgalization hag the same bealraas for
1% Ha 106x16 | 723x16 208x10 284x10 the ?lngle gmp;]hﬂer |l;nplementa'i|onf andh aIthou%ht' £:0)
& (] 12016 | 342010 | 240.4x18 | 198.4x18 significant, it shows better results for the twondiions
< - evaluated.
o| AT/G[%] 60.3 527 41 801 To evaluate the possible gain on bandwidth, symyretd
& | Sym [%] 51 50 49.5 50 harmonic distortion we compare the both implemémbat
THD [%)] 0.12 0.28 0.39 0.6 without automatic gain control for the lower freqog
K 3.5 34 3.2 3.1 condition (C =1nF andR= 56@ ), whose results are shown
. in fig. 6 to 9. There is a gain of 3.2 to 4 on fueqcy range,
g | foo [HZ] N/A N/A 581x10 813x10 thus confirming the expected expansion on bandwiéitithe
<1 G [for! fol 24 4.09 spectrum analyzer figures, one can see that tlierelifce on
'§ Sym [%] 49 49.2 level between the fundamental frequency and theorgkc
g ThD %] 017 045 harmonic in bot.h cases. For the single amplifierdlff_erence
8 is ~28 dB and is ~23 dB for the composite amplifids the
K (apx) 3.27 4 _— .
frequency of oscillation varies from ~198 kHz to138kHz,

" Estimated frequency of oscillation according tb)(1 from the single to composite amplifier, respectivéC=1nF

) ) and R=56@), at the same conditions the amplitude of the
Table |1 shows some evaluation results for the tectien output signals varies from ~2.8 V down to ~350 mhich

phase-shift oscillator, for the single amplifiernfiguration eans an attenuation of ~18 dB. Hence signal rdiistois
and the C20A-2 composite amplifier configuratiomttb mqre evident in the later case. The stability peablis also
without AGC, withC =1nF and considering various resistolygre noticeable for the composite amplifier. Eveough, as
values. All the values presented refengo(see fig. 4 and 5), the symmetry of the signal is not seriously affdcté is
measured after a buffer amplifier interface acauydio the possible to meet a better quality by using an adeqlow
input impedance requirements of the spectrum aaalyz pass filtering process.
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Fig. 6. Waveform of the output signal for the segimplifierconfiguratior
with C=1nF and R=560.
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Fig. 9. Frequency spectrum for the C20A-2 compaaitglifier with C=hF
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To have a better idea on the two-section oscillatdh
respect to the typical implementations, we evatlate
three-section phase-shift oscillator for similandiions, and
compared it with the two-section oscillator. Altlybu the
values of the circuit elements are different frdiose of the
two-section oscillator the frequencies of oscitlatare similar.
The resistors in this implantation are also fron2 Eéries.

Table Il shows the evaluation results for a threetien
phase-shift oscillator with low-pass type RC networ

TABLE Il
RESULTS FOR THE TYPICAL PHASESHIFT OSCILLATOR WITH A THREERC
SECTION FREQUENCY SELECTIVE NETWORKLOW-PASS CONFIGURATION

R=390Q | R=560Q | R=1kQ R=1.5 kQ
f, [HZ] 1.0x10 696.2x10 | 389.8x10 | 259.9x18
fo [Hz] 242.7x18 | 250x1G | 195.3x16 | 149.7x16
AT11,[%] 75.7 64 49.9 42.4
Sym [%)] 50.1 50 50 50
THD [%] 0.07 0.01 0.005 0.001

" Estimated frequency of oscillation according tp (3

Comparing the results from table Il with respectable |
one notices that for the three-section oscillatihe real
frequency of oscillation obtained is lower; the atele
deviation in frequency is higher; the symmetryrisgeneral
better and that the harmonic distortion is sigaifitty better.

V. CONCLUSIONS

A two-section phase shift oscillator has been psegoand
discussed in this paper. The oscillator is candnigih
respect to the number of passive components. Theséotion
RC network is only possible due to the use of nmomiting
amplifier stage, either using a single amplifieraocomposite
amplifier arrangement for bandwidth extension.

Preliminary results of ongoing research are preskand
demonstrate the features of the proposed oscilfatasimple
implementations without AGC. The frequency rangs heen
extended with the use of composite amplifier stade gain
achieved on frequency bandwidth demonstrates tpeated
theoretical values. Harmonic distortion and stap#ire some
drawbacks that deserve further attention, as wellother
performance improvements. Work is in progress compize
performance of the proposed oscillator with other
configurations, and also to evaluate the advantagesther
possible composite amplifier implementations. Theppsed
oscillator is suited for analog IC design implenatioins, due
to its simplicity and type of circuit elements (pa® and
active).
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