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Abstract: In order to reduce the total harmonic distortion (THD) of a bandpass-based oscillator,
instead of using a conventional hard limiter, a multilevel hard limiter (MHL) is proposed which
inherently removes the third and the bfth-order harmonics from the frequency spectrum of its
output signal. The inputboutput characteristic of the proposed MHL contains slope values of
only zero and inPnity, making it easy to implement. The optimal height and width of each stair
of the MHL characteristic are derived. Measurement results show that for the same bandpass
blter, the proposed approach shows 14 dB improvement in the THD of the output signal with
respect to the conventional two-level hard limiter (comparator). The oscillator has been fabricated
in TSMC 0.35m

[3] and active-RC[4] circuits are among
the most popular approaches to implement oscillators.
Although for practical reasons the former approach is not
preferred for implementations at relatively low-frequencies,
the latter one suffers from the frequency limitation of
[2]. the active elements (opamp) operating in closed loop.
To start-up the oscillation, the poles of the linearised Operational transconductance ampliPer (OTA)-based oscil-
circuit have to be on the right half plane of the complex lators seem to be a better solution for frequencies below
frequency plane. The actual placement of the poles on thegigahartz due to the fact that they have high frequency
imaginary axis is due to the nonlinear components in a poles and operate in open-loop architectUfss
positive feedback loop. Here, a bandpass-based oscillator using the proposed
The selective network is ideally composed entirely of multilevel hard limiter (MHL) is presented. It is shown
linear elements and includes reactive components, whichthat for the same BPF using the MHL, the linearity of the
can be reduced to a simple resonant circuit or a bandpassoutput signal is signibcantly improved in comparison with
blter (BPF). The active element has the essential featurethe traditional two-level hard limiter static characteristic.
of being nonlinear (hard limiter) and is assumed to be
free from reactive parameters. Therefore its behaviour is 2 Bandpass-based oscillator theory
debned by a static characteristic of arbitrary shape. The

tained by controlling the The bandpass-based oscillator, showFRim 1a, consists of
that the effect of the selec- a BPF as the selective element together with a hard limiter
e oscillation frequency is as the active element in positive feedbdblP 7] The con-
can be achieved with an ventional oscillator uses a two-level comparator as indi-
or more simply with a cated inFig. 1b, wherez, is the clamping amplitude and
circuit. Xo is the threshold for the input signal, that fig) ¥ mx

for jxj < xo andf(x) ¥a signf)zy for jxj > xo. A sound use
of the BPF in this structure allows decoupling the amplitude






Fig. 3 Optimum static characteristic

a Four-level static characteristic
b Four-level MHL optimised to reduce THD

Using f(X) for different intervals ofx in Fig. 2, the output
amplitudea with my % 0 can be found as
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Thus, on the basis of (8) the DF Bfgy. 2can be expressed as
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Suitable choices af(r;) andm, can minimise the output har-
monics. This is explored next. As an example, a system with
N % 4 will be analysed. The transfer characteristic of the
analysed system is shown iRig. 3a. The DF can be
found as
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When the circuit reaches a steady-state oscillation (i.e.
sYajvy), the slopes of the hard limiter characteristic of
Fig. 3a can be obtained using (6) and (12).
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Using (8) for N ¥ 3, the Fourier series coefbcierds of
the output of the MHL block foAg > X, can be calculated
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Table 1: Py(r;) functions for a,5 1,3,5and 7

n¥1 Py (r;) Yar(ry)

nv.3 Py (r)vs —23P(1 - 1)

nv5 Ps (r) ¥4 2/3r(3 — 4rAP(1- 2 (3 — 4)?)

—2r1-2P1 - )

N7 Py (r) Y /301 — 22P(1 = A)(1- 1672 (1- 212)
(1— 1) — (-2/3r) B -4 P(1 - 2 3 - 4r2)?)

as

a,vadn, mP&Ppdn, mP.&,P pbmyP,dr3R

nv1;3;5,7,... do6b
where the index represents the odd harmonics.

The P, functions are introduced to simplify the notation
for a,. The P, functions to calculate the brst four odd har-
monics are shown ifable 1 It is important to note that
for all Pn(ry) functions inTable 1P,(0) ¥4 0. This property
will be exploited to bnd the optimum slopes of the nonlinear
characteristic oFig. 2andFig. 3ato make null the third and
the pbfth harmonic components.

If r, Y rs, the expression foa, can be simplibed to
a,¥adn, mPaPpmPaLE Nn¥%1;3;57;...

arp

Analysing Fig. 3a and using r, ¥ r3, which implies
r(ro) Yar(ra) and x, Yaxs, result in mg% 1. The same
result could have been obtained from (15) knowing
r(rp) ¥ r(rs) implying a denominator of zero.

Our ultimate goal is to minimise the number of harmonics
at the output of the MHL. The Prst step in doing this was
setting mg¥% 1. To further simplify a,, the remaining
terms must be reduced. The second term in (17) can be
made zero by choosingy, % 0, or by settingr, ¥4 0 imply-
ing X ¥4 0. Whenmg was set to inbnity previously, was
made equal to. Thereforex, ¥ X3 %2 0 would result in
my Yam, Yamg ¥4 1 and the static characteristic Fig. 3a
would result in a two-level hard limiter (comparator).
From here, the scenario af, ¥4 0 is a better option to
null the second term without compromising the character-
istic of the active element.

To null the remaining term in (17) there are two possibi-
lities. First, m; can be set to 0. However, this choice of
m, ¥ 0 results in a dead band in the characteristic of the
nonlinear block and prevents the start-up of the oscillator
(Fig. 3a). The second method to cancel the brst term in
(17) would be to setr; ¥4 0. Having r; %20 implies
Xy ¥ 0 andr(ry) ¥a0 which makesm; ¥4 1. From (13),
havingr(ry) ¥» 0 will also result inm, % 1, verifying the
result. Fig. 3 shows the resultant four-level MHL with
m %1, m%0, m¥ 1 andm, ¥ 0.

It is worth mentioning that in (17), the product of and
Pi(ry) cannot be zeron§ Pi(ry)¥% 1 0). This multi-
plication implies a must always have a Pnite value.
Although the output harmonics cannot be made zero, the
THD at the output of the active element can be minimised
if odd slopes i, ms, ms, ...) are made inPnite and even
slopes [, my, Mg, ...) are made zero.

From the previous example whekEYs 4, a more general
output static characteristic can be obtained to minimise the
output harmonics of the hard limiter. For even integer
number of levelsN it is required thatN ¥ 2%, wherek is
an integer number. The generalised static characteristic
for minimised output harmonics is shown kig. 4 Next
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Fig. 20 Frequency response of the BPF Fig. 23 Output spectrum of the oscillator with a conventional
two-level comparator

Fig. 21 Output buffer schematic

the Plter. However, the seventh-order harmonics are com-

parable which is consistent with the analytical results

obtained in (24). It is important to mention that the

measured result in the case of the proposed MHL block

is the best obtained result through adjusting the delay Fig. 24 Output spectrum of the oscillator with the proposed
cells in Fig. 16 which tunes the delay time Ofl in multilevel comparator

Fig. 6. This has been achieved by changing the digital

word controlling the delay cells irFig. 16 in order to theoretical predictions of THD against different quality

maintain the requirement of, ¥ T/t; % 8. If we assume
that the brst seven harmonics are the main harmonics atactors of the BPF for both the comparator and the MHL
block. This bgure shows that, for the measured quality

the output, the overall THD of the measured frequency factor of 15, the experimental results are in good agree-

spectra ofFigs. 23and 24 can be calculated as 38.63 ment with the theory. The performance of the VCO built

and —53.16 dB, respectively. These results show that =~ th d MHL block inst £ 1h
more than 14 dB improvement in the THD can be achieved using the propose Ock against some of the pre-
viously published works has been summarised in

by using the proposed MHL blockrig. 25 shows the Table 2 The key advantage of using the proposed MHL

Fig. 25 THD of the oscillator as a function of the quality factor
Fig. 22 IM3 measurement results for the buffer Solid lines: analytical; circles: experimental
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Table 2: Summary of performance

fo, MHz Q Technology Area mm? Pdiss, mW THD, dB

Rodriguez-Vazquez et al. [5] 7.76 8 3mm CMOS - - -33

Pavan and Tsividis [7] 0.0135 20 Discrete - - —-38

This work 10.7 15 0.35 mm CMOS 3.15 132 —53
0 . . , - ; - - the bandpass blter. In our case, the required quality

factors were 5 and 30 to yield the same THD-o#7 dB.

P - i Mesurement i &L The proposed MHL has the potential to be applied to
i "‘\ ;'{):Wfﬁ'lseparaledday[lfnes

éE]:Wil_hDLL

other applications requiring switchir[d@5].

with on-chip tuningQIEEE J. Solid-State Circuits1991, 26, (12),
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Fig. 26 Comparison of HD3 as a function of the delay time
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block is the signibcant increase in the linearity of the

output signal with a moderated value Qf 5

Fig. 26shows the effect of the delay cells on the HD3
of the proposed architecture in both simulation and
measurement cases. The horizontal axis represents the per-
centage of the delay with respect to the fundamental ©
periodT. To explore the effect of using a DLL to generate
the delayed pulses, a system level simulation using -
SIMULINK has been carried out and the results are
shown inFig. 26 as well. In the DLL-based implemen-
tation, for a small range of the delay introduced to each
cell, the composite wavefornf(t) generated by the 9
DLL remains insensitive to the delays which yield a
nearly constant HD3. As it can be seen from this bgure,
there is only one optimum delay for which the measured
HD3 is reduced and this value is aroundBlof the funda-
mental periodT. Deviation from this optimal value for
delay results in a degraded HD3 as it has been veribed11
by the measurement results.
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12

6 Conclusions
13

A bandpass-based oscillator using an MHL has been pre-

sented. The proposed MHL used in a bandpass-based oscil14
lator provides an improvement of 14 dB in THD with

respect to the conventional two-level hard limiter.
Furthermore, to obtain the same THD for an oscillator
using the proposed MHL and the conventional limiter, the
proposed one will require a much lower quality factor of
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