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A New Low-Noise 100-MHz Balanced 
Relaxation Oscillator 

JACK G.  SNEEP AND CHRIS J. M. VERHOEVEN 

Abstrnct -A new fully balanced architecture for high-frequency, low- 
noise relaxation oscillators is presented. Differential operation is 
achieved with the use of two grounded capacitors utilizing the circuit 
parasitics. Bypassing of the regenerative memory function in the oscilla- 
tor benefits both high-speed and low-noise operation. In addition a 
detailed analysis of phase noise in relaxation oscillators is performed. 
Results obtained from a test chip have verified both the viability of the 
new oscillator concept and the developed phase-noise theory. The oscil- 
lator circuit has been realized in a medium-frequency (f, = 3 GHz) 
bipolar process. The tuning range extends to 150 MHz. At an oscillation 
frequency of 115 MHz, measured phase noise was -118 dBc/Hz at 
1-MHz distance from the carrier. 

I. INTRODUCTION 

HE availability of high-performance high-frequency T integrated oscillators would be a big step forward in 
analog integrated circuit design. However, the known 
integrated relaxation oscillators suffer from bad noise 
behavior and excessive temperature drift. When the oscil- 
lator is used in a PLL, which is often the case, drift is no 
longer a problem. The remaining bad noise behavior 
excludes the use of integrated relaxation oscillators in a 
lot of telecommunication applications. In order to design 
relaxation oscillators with lower phase noise, insight into 
the origins of phase noise is a prerequisite. 

Using the method described by Abidi and Meyer [l], an 
indication of the time jitter of a relaxation oscillator can 
be obtained. However, because time correlations are not 
included in this method, it is not easy also to predict the 
phase-noise spectrum as measured with a spectrum ana- 
lyzer. Therefore, prior to the design of the oscillator, an 
analysis of the origins of phase noise was performed. 
Expressions predicting the phase-noise spectrum due to 
different noise sources are presented. 

Another problem in traditional relaxation oscillators, 
based on the well-known emitter-coupled multivibrator 
(Fig. 11, is the presence of parasitic capacitors at each 
side of the floating timing capacitor. As the parasitics are 
not used as a part of the timing capacitor C ,  this capaci- 
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Fig. 1. Emitter-coupled multivibrator. 

mh 
Fig. 2. Basic relaxation oscillator with noise sources. 

tor has to be considerably larger than the parasitics in 
order assure proper functioning of the oscillator. This 
might cause problems in the design of high-frequency 
oscillators with small on-chip timing capacitors, especially 
because integrated floating capacitors have relatively large 
parasitic capacitors to the substrate. For high-frequency 
oscillators a topology that uses the parasitics as a part of 
the timing capacitors is therefore preferable [21-[41. 

The mentioned problem with the emitter-coupled mul- 
tivibrator architecture is that it is not really a balanced 
version of the basic relaxation or Schmitt-trigger oscillator 
with grounded capacitor, as depicted in Fig. 2. As a 
differential architecture is desired, in order to reduce the 
sensitivity to power-supply variations, a new fully bal- 
anced relaxation oscillator with two grounded timing ca- 
pacitors has been designed. The absence of a floating 
capacitor and the possibility of much smaller timing ca- 
pacitors are important advantages of such a new oscillator 
topology. A 100-MHz low-noise version of this new oscil- 
lator has been realized in a medium-frequency bipolar 
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process (f, = 3 GHz). Measurement results on the inte- resistor R. In order to obtain a certain value of -f( fm> a 
grated oscillator will be presented. certain minimum power consumption in the current 

sources is unavoidable. 
Besides a noise current there will unavoidably be a 

noise voltage U ,  in series with the timing capacitor C .  
11. PHASE NOISE IN RELAXATION OSCILLATORS 

For the analysis of phase noise the basic diagram of a 
relaxation oscillator, depicted in Fig. 2, is used. The 
fundamental oscillation frequency is 

Starting with a Small Sine-WaVe lOW-freqUenCy COmpOIleIlt 
with frequency f m  of a noise voltage Source U ,  with a 
spectral density 4kTR,, the same method as stated above 
can be applied. R ,  is the equivalent noise resistance of 
the noise sources in series with C .  The approximated 
expression for the resulting phase-noise density is 

I 
( ' )  

Sources of phase noise are a noise current i n ,  parallel to 
current I, and a noise voltage U ,  in series with the timing 
capacitor. Depending on the frequency of the noise 
sources, different methods will be used to calculate the 
resulting phase noise. If the noise frequency is much 
smaller than the oscillation frequency fo,  there is only 
normal frequency modulation of the oscillator. For higher 
noise frequencies the influence of the switching action 
will also become significant. Due to the switching action, 
high-frequency noise will be folded back. These aliased 
noise sources will also modulate the oscillation frequency. 

A. Low-Frequency Noise 

First, the influence of a small low-frequency sine-wave 
component of a noise current i n  with frequency fm ( f m  

<< f,) will be calculated. The peak frequency deviation 
Afo due to this current is readily obtained from (1): 

The ratio between the carrier power and the power of a 
sideband at a distance fm from the carrier can be ex- 
pressed in terms of Afo and fm using modulation theory 
[51. Substitution of (1) and (2) in this expression yields 

The lowest possible value of R ,  for a given U, will 
depend on the used technology. For a bipolar realization 
this might usually be the base resistance of the transistors. 

B. High-Frequency Noise 

The switching action, inherent in relaxation oscillators, 
will fold back high-frequency noise. The result of this 
sampling process is low-frequency modulation of the oscil- 
lation signal. In case of high-frequency current noise, the 
resulting phase noise may be neglected because of the 
integrating action of the timing capacitor. Therefore, the 
total phase-noise density due to a white current noise in  
is given by (4). 

Aliased high-frequency noise components from U,, 

however, will dominate the influence of the low-frequency 
components of U,. Boon et al. [7] have investigated the 
phase noise that results from this sampling process. If the 
spectral density S(u,) of the white-noise source U ,  is 
again 4kTR,, the resulting phase-noise density has been 
calculated to be 

16kTR, fo 
-J(fm) = a 7  (E) * 

this method to the 'pectral components Of a The factor (y represents the number of aliased spectra 
noise current in yields an expression for the resulting 
single-sided spectral phase-noise density d( f,) of i n  by 
simply summing all of the individual contributions. As- 

and is given by 

(7) 
Bconv 

2 f o  * 

suming a white-noise current with spectral density S(i,) 
equal to 4 k T / R , ,  the resulting phase-noise density is 

a=-  

In this expression B,,,, is the effective noise conversion 
bandwidth. In case of high-frequency oscillators B,,,, will 
usually be determined by a dominant pole in the thresh- 
old detector. This is a result of the fact that the threshold 
detector will not be able to react on noise sources with 
frequencies above the frequency of this pole. The factor 
2f0 in (7) is a consequence of the fact that only noise 
components at odd multiples of fo  seriously harm the 
oscillation stability [71. 

( 4 )  

where R,  is the equivalent output noise resistance of the 
controlled current source I. The maximum value of R ,  for 
an integrated current source can be obtained if a large 
emitter resistor R is used [6]. In that case the output 
noise is approximately 4 k T / R .  The product Z2R that 
would appear in (4) is exactly the power dissipation in the 
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Therefore, besides a large U, and a small U,, a small 
value of a is also necessary for a low-noise oscillator. But 
the low-pass action needed for a small value of a will also 
introduce time delay in the oscillator. This will harm the 
linearity of the oscillator tuning curve. High linearity and 
low noise are therefore conflicting demands made on a 
relaxation oscillator unless linearizing circuitry is added. 

111. LOW-NOISE, HIGH-SPEED ARCHITECTURE 

In the introduction we have pointed out our preference 
for a relaxation oscillator with a grounded timing capaci- 
tor. The architecture of a high-frequency low-noise oscil- 
lator with grounded capacitor is depicted in Fig. 3. The 
Schmitt-trigger function has been divided into a threshold 
comparator and a memory function ( S / R  flip-flop). The 
S / R  flip-flop is bypassed by the outputs of the voltage 
comparators. The voltage comparators immediately switch 
the current switch. The only demand made on the speed 
of the S / R  flip-flop is that it takes over the comparator 
output state before the comparator is switched off. 

The removal of the S / R  flip-flop from the signal path 
is firstly advantageous for high-speed operation. Secondly, 
it is also advantageous for low-noise operation. From 
earlier work it is known that, depending on the slope of 
the driving signal, the switching delay of a Schmitt trigger 
or flip-flop can be very sensitive to noise [8]. This is a 
consequence of the regenerative action. The influence of 
noise on the flip-flop switching time is decreased by 
means of the insertion of slope amplifiers in front of the 
flip-flop. The already available voltage Comparators can 
be used for this purpose. Known low-noise oscillators are 
based on this principle [l], 191. For very high-frequency 
oscillators the driving slope of the flip-flop can hardly be 
amplified anymore by the comparators. Bypassing the 
memory function will therefore be the only way to further 
decrease the influence of the flip-flop noise. 

In order to reduce the sensitivity to power-supply varia- 
tions a fully differential architecture is desired. Fig. 4 
depicts a diagram of the balanced version of the basic 
architecture of Fig. 3. Apart from their implementation 
the operation of both architectures is essentially the same. 
Supposing equal charging currents I and equal timing 
capacitors (C, = C, = C), the oscillation frequency of the 

Fig. 4. New balanced relaxation oscillator architecture. 

balanced oscillator is 

I fo=m. (8) 

Threshold levels in the balanced architecture are floating 
instead of related to ground. The voltages at C, and C, 
are now balanced with respect to Uref. Any disturbance 
between Uref and the common-mode signal (U,  + U,)/2 
will lead to a correction current in the discharging current 
source, which will cancel the disturbance. A result of the 
common-mode feedback loop is the equality of the sum of 
the charging current sources to the discharging source. 
Whenever the voltage difference U,-U,  is equal to V,, 
one of the voltage comparators switches. Subsequently, 
the S /  R flip-flop and the current sources will be switched. 
The results of this operation scheme are opposite triangu- 
lar waveforms at C, and C,. 

The essential new features of this architecture com- 
pared to an earlier reported differential relaxation oscilla- 
tor [91 are the bypassed memory function and the applied 
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common-mode feedback. The use of this common-mode 
feedback is the reason why grounded capacitors still can 
be used in a differential architecture. 

IV. CIRCUIT 

The circuit diagram of an oscillator based on the new 
proposed architecture has been depicted in Fig. 5(a). As 
we intended to use the oscillator in a PLL over the 
frequency range 100-130 MHz, some demands on linear- 
ity of the oscillator were made. 

A. Switching Part 

The voltages at the timing capacitors are level shifted 
by Q2a, Q3a and Q2b, Q3b. The threshold U, is realized 
by means of the diodes Q4a and Q4b. Thus U, is about 
0.7 V. The differential stages Q5a, Q5b and Q6a, Q6b 
are used as voltage comparators. The output current of 
these stages is transformed into a pulse voltage by means 
of R2a and R2b. This pulse voltage switches a next 
differential stage Q l a ,  Qlb-used as a current 
switch-and the S/R flip-flop Q7a, Q7b. The simulated 
waveform of the differential voltage V,  across the current 
switch, as well as the voltage V, across the timing capaci- 
tors, are depicted in Fig. 5(b). It is seen that V,  quickly 
rises after one of the voltage comparators has been 
switched on. When the comparator has been switched off 
again, V,  decreases to a level determined by the flip-flop. 
This level has been chosen large enough to keep the 
current switch Qla ,  Qlb  in the right position. The voltage 
V,  across the current switch is also used to drive an 
output buffer. 

B. Common-Mode Loop 

The common-mode voltage of the two timing capacitors 
is obtained by means of Rla and Rlb. The common-mode 
signal is level shifted by means of Q12-Q14. Subse- 
quently, it is transformed into a current by means of a 
series stage (Q16 and R3). Neglecting high-frequency 
poles, the open-loop common-mode transfer function 
G(p) is thus 

If C = 2.5 pF (inclusive parasitics) and R3 = 400 R the 
predicted common-mode bandwidth is 80 MHz. Simula- 
tions show that other poles in the common-mode loop are 
nondominant, such that stability of the common-mode 
loop is assured. 

Instead of being fixed to a reference voltage Uref, the 
common-mode voltage is now determined by the sum of 
the base-emitter voltages of Q12-Ql4 and Q16 and the 
voltage across R3. As the voltage across R3 changes 
proportional to the tuning current I ,  the common-mode 
voltage will also slightly depend on the tuning current. 

This construction of the common-mode loop saves an 
extra voltage reference and avoids the use of p-n-p tran- 
sistors in the loop. Low-frequency poles due to lateral 
p-n-p’s in the common-mode loop would cause stability 
problems. 

The voltage at U, has to be approximately equal to the 
emitter voltage of Q12 in order to avoid saturation of 
either the voltage comparator or the current switch. This 
can easily be realized by means of the insertion of a 
transistor between the base of Q12 and U,. In a later 
version of this oscillator we have successfully applied this 
method to bias U,. 

C. Current Sources 

The depicted construction of the low-noise current 
sources (Fig. 5(a)), with the available low-current lateral 
p-n-p transistors and emitter resistors, would cause prob- 
lems due to the very low and unpredictable current gain 
of the p-n-p’s when biased at the required current of 
about 1 mA. Besides tuning inaccuracies, this would also 
cause a high equivalent output noise current i n .  This 
noise could easily dominate the phase-noise performance. 
In order not to be troubled by the bad performance of the 
p-n-p’s, external current sources were used in the first 
version of the oscillator. 

V. SEMICUSTOM REALIZATION 

The circuit from Fig. 5(a) has been realized on a 
semicustom chip containing 3-GHz n-p-n transistors, vari- 
ous resistors, and low-current lateral p-n-p’s. For reasons 
explained in the preceding section, it was decided to 
construct a first test version of the new oscillator without 
employing the lateral p-n-p’s as charging current sources. 
A photograph of a part of the semicustom chip containing 
the oscillator circuit is shown in Fig. 6. A successive 
version of the oscillator, working at half the tuning cur- 
rent, contained the on-chip p-n-p current sources. The 
measured phase noise of this oscillator was 3 dB higher 
than in the first version due to the high output noise of 
the applied on-chip current sources. 

VI. EXPERIMENTAL RESULTS 

A. Current - Frequency Transfer Function 

The realized oscillator functions well from very low 
frequencies up to about 150 MHz. The measured cur- 
rent-frequency transfer function is depicted in Fig. 7. 
The nonlinearity at high frequencies is a consequence of 
the switching time delay in the oscillator. 

B. Phase Noise 

The phase-noise spectrum, measured using the 
HP3048A phase-noise measurement system, at an oscilla- 
tion frequency of 115 MHz is depicted in Fig. 8. The 
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Fig. 5. (a) Schematic of the new balanced relaxation oscillator. (b) Simulated waveforms for the circuit of (a). 
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Fig. 6. Photograph of the part of the semicustom chip containing the 
oscillator circuit. 
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Fig. 7. Measured current-frequency transfer function. 

- 3 0  

- 4 0  

-5 0 

- 6 0  

- 7 0  

-e 0 

- 9 0  

- I 0 0  

-1  1 0  

- 1 2 0  

- 1 3 0  

- 1 4 0  

- 1 5 0  

- 1 6 0  

- 1 7 0  
1 0 0  1K I OK 100K 

4 OM c ( f )  CdBc/Hzl vs f C H z 1  10 

Fig. 8. Measured single-sided phase-noise spectrum (f,, = 115 MHz). 
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phase-noise spectrum decreases exactly - 20 dB per 
decade over a large frequency range, which is in accor- 
dance with the term (f,,/f,,,)’ in all the derived phase- 
noise expressions. The noise floor of -142 dBc/Hz at 
40 MHz is caused by the 50-R load resistor of the output 
buffer. 

The absolute value of the phase noise is - 118 dBc/Hz 
at 1-MHz distance from the carrier. Because low-noise 
current sources were used, there is a dominating influ- 
ence of the sampled high-frequency voltage noise. An- 
alysis of the oscillator circuit reveals that there are 
effectively seven transistors in series with the switching 
threshold. The total equivalent noise resistance R,, is 
2300 R,  mainly due to the base noise resistance ( rb  = 300 
R >  of the transistors. The noise conversion bandwidth 
B,,,,. is about 400 MHz. Because of the switching time 
delay the effective value of U, at f o  = 115 MHz is 1 V, 
which is somewhat larger than the 0.7 V for low-frequency 
operation. Using (6) and (7) a value of - 120 dBc/Hz is 
calculated if f , ,  = 1 MHz and f o  = 115 MHz. This value 
differs only 2 dB from the measured phase noise. 

C. Power Consumption and Temperature Behavior 

The complete circuit, inclusive of output buffer cir- 
cuitry (3 mA), consumes about 8 mA at a supply voltage 
of 6 V. Lower power consumption in the oscillator core 
with the same tuning linearity and noise performance 
would be possible if very small on-chip timing capacitors 
could be used. However, this also requires the availability 
of low-noise p-type charging current sources. 

The temperature coefficient of the oscillator at 100 
MHz was measured to be about - 1000 ppm/OC. 

VII. CONCLUSION 

The analysis and realization of a new balanced fully 
integratable relaxation oscillator has been described. By 
means of an on-chip common-mode feedback loop it is 
possible to use two grounded timing capacitors in a fully 
differential architecture. The implicit use of parasitics as 
a part of the timing capacitor and speed-up techniques in 
the switching part offer an attractive new concept for 
high-frequency oscillators. The realized circuit functions 
well over a large frequency range up to 150 MHz. The 
measured phase noise is close to the theoretical value 
obtained from a detailed analysis of phase noise in relax- 
ation oscillators. The actual realization in a bipolar pro- 
cess is only one of the possible implementations of the 
new oscillator architecture. Further work will concentrate 
on implementations in other technologies (CMOS, 
BiCMOS) as well. 

ACKNOWLEDGMENT 

The authors wish to thank the Delft Institute for Mi- 
croelectronics and Submicron Technology for processing 
the integrated circuits. 

REFERENCES 

[1] A. A. Abidi and R. G. Meyer, “Noise in relaxation oscillators,” 
IEEE J .  Solid-State Circuits, vol. SC-18, no. 6, pp. 794-802, Dec. 
1983. 
J. F. Kukielka and R. G. Meyer, “A high-frequency temperature- 
stable monolithic VCO,” IEEE J. Solid-Stute Circuits, vol. SC-16, 
no. 6, pp. 639-647, Dec. 1981. 
M. Banu, “MOS oscillators with multi-decade tuning range and 
gigahertz maximum speed,” IEEE J. Soiid-Stute Circuits, vol. 23, no. 
6, pp. 1386-1393, Dec. 1988. 
J. G. Sneep and C. J .  M. Verhoeven, “Design of a low-noise 
lO0MHz balanced Schmitt trigger oscillator,” presented at ESS- 
CIRC 1989, Vienna, Austria, Sept. 20-22, 1989. 
U. L. Rohde, Digital PLL Frequency Synthesizers. New York  Wi- 
ley, 1983. 
J. Davidse, Integrution of Analogue Electronic Circuits. London: 
Academic, 1979.‘ 
C. A. M. Boon, I. W. J. M. Rutten, and E. H. Nordholt, “Modeling 
the Dhase noise of R C  multivibrators.” in Proc. Midwest Symp.  _ _  
Circiits Syst. (Morgantown, WV), 1984, pp. 421-424. 
C. J. M. Verhoeven, “A new model for regenerative circuits,” in 
Proc. Midwest Symp. Circuits Syst. (Syracuse, NY), 1987, pp. 631-634. 
M. H. Wakayama and A. A. Abidi, “A 30-MHz low-jitter high- 
linearity CMOS voltage-controlled oscillator,” IEEE J .  Solid-State 
Circuits, vol. SC-22, no. 6, pp. 1074-1081, Dec. 1987. 

Jack G. Sneep was born in Fijnaart, The 
Netherlands, on  February 26, 1964. H e  received 
the M.S. degree in electrical engineering from 
the Delft University of Technology in 1987. 

From 1987 to 1989 he followed a two-year 
post-graduate course on microelectronics design 
at the same university. During this time he was 
engaged in the design of circuits for integratable 
radio tuning systems. He  is now with the Philips 
Components Division, Nijmegen, The Nether- 
lands. 

Chris J. M. Verhoeven was born in The Hague, 
The Netherlands, on February 25, 1959.-He 
received the M.S degree in electrical engmeer- 
ing from the Delft University of Technology in 
1985. In 1985 he joined the Electronics Re- 
search Laboratory of the bame department in 
order to prepare a Ph.D. dissertation on “first- 
order oscillators,” of which the presented circuit 
IS one example. He  was awarded a doctoral 
degree in 1990. 

At present he is involved In research projects 
on analog electronic circuits and the development of a “design-driven” 
BICMOS process at the same university. 


