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Abstract—This paper presents the design of a new Wienbridge
topology. Its phase noise performance, low temperature depen-
dency and low power consumption make it suitable for use in
wireless sensor nodes and time-based sensor readout circuitry.
The noise as well as temperature behavior of the oscillator is ex-
plained using extensive calculations. Measurements on 7 samples
of the same batch show a temperature stability of 86 ppm C and
a measured spread of 0.9% at an oscillation frequency of 6 MHz.
The circuit consumes 66 W and is realized in a 65 nm technology
measuring 150 m by 200 m. The measured phase noise figure
of merit is 172 dB at a frequency offset of 100 kHz.

Index Terms—Harmonic oscillator, oscillator noise, oscillator
topology, RF, ultra-low-power, Wienbridge.
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I. INTRODUCTION

I NTEGRATION of complete systems on a single chip is
one of the most important evolutions in modern micro-elec-

tronics. Fully integrated systems-on-chip, including both analog
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and digital circuits, are necessary to obtain high performance,
power-efficient and low cost systems. On wireless nodes for in-
stance, where PLL- or time-based sensors [1], RF-transmitters
and low-power digital are embedded on a single chip [2], all the
off-chip components such as an external crystal need to be elim-
inated. Regarding these issues, the need for temperature stable,
accurate, fully integrated, low-power clock references arises. In
applications with down mixing, the phase noise and amplitude
stability of the oscillator also become important specifications
[3], [4].

In deep-submicron processes, the spread on active compo-
nents due to mismatch, temperature and other external parame-
ters is very large and difficult to control. Passive devices on the
other hand, are much more predictable and controllable, pro-
viding a better starting point for this kind of oscillator. The de-
sign methodology used in this paper is based on the principles
that the frequency should only be determined by passive com-
ponents (R, C, L) and that the influence of active components
on the oscillation frequency should be minimized.

As will be pointed out in Section II-A, oscillators can be based
on different passive components. Although some accurate relax-
ation oscillators are reported [5] and [6], their waveform is not
suitable for down mixing purposes. In a mixed signal environ-
ment however, a harmonic oscillator can provide a digital clock
as well as an analog, harmonic waveform. Since a low-power,
low-frequency time reference is needed in e.g. a wireless sensor
network [7] and [8], RC-based oscillators are preferred rather
than the LC-based topologies. A solution for this kind of ap-
plication can be found using a well-known harmonic oscillator
structure: the Wienbridge oscillator [9]–[11]. The use of an im-
proved topology makes it possible to realize a low phase-noise
and temperature insensitive Wienbridge oscillator. In this new
topology, the oscillator properties only depend on the passive
(RC) feedback network.

Section II of this paper describes the general conditions for
oscillation. The Q-factor and generalized Q-factor are defined
and used to derive the frequency versus amplitude behavior of
the oscillator. Section III handles the problem with the common
Wienbridge topology in nanometer CMOS. Section IV dis-
cusses the alternative Wienbridge oscillator topology. The
amplitude regulator incorporated in the oscillator is investi-
gated in Section V. In Section VI the noise sources in the
oscillator network are described. Simulation and measurement
results are presented and compared in Section VII. Finally,
some conclusions are drawn in Section VIII.
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II. CONDITIONS FOR OSCILLATION

In this section, some basic principles for oscillation will be
reviewed, providing insight in the oscillation behavior. These
insights will be indispensable to make the right design decisions
in order to obtain a frequency-stable oscillator.

A. General Considerations

To obtain a time reference, one or more energy tanks are re-
quired. An energy reservoir is able to exchange energy with an-
other component which may be either another energy reservoir
or a resistive element, e.g. a resistor. In case two different energy
reservoirs are used there will be an energy conversion during
the energy exchange. This conversion will happen with a cer-
tain time constant depending on the properties of the two energy
reservoirs. An example of this is the LC-oscillator, in which en-
ergy is exchanged between the magnetic field of an inductor and
the electric field of a capacitor. In the other case, the use of an
energy reservoir and a resistor will also provide a time constant.
Examples are a capacitor or inductor and a resistor. Note that
this resistor may as well be implemented with a current source
and a reference voltage. Most relaxation oscillators are based on
this working principle. The energy exchange between two en-
ergy reservoirs from the same type without the use of any other
regulating element happens, theoretically, in an infinitely short
time period. In this case it is not possible to derive a time con-
stant or oscillator.

In literature a distinction is made between harmonic oscilla-
tors and relaxation oscillators. Although the previous discussion
is valid for both cases, there is a difference in the way the energy
reservoirs are used. In the relaxation oscillator only one energy
reservoir is needed in combination with a resistive element and
a nonlinear component (e.g. a transistor). A typical property of
a relaxation oscillator is the current through or voltage over the
energy reservoirs which is switched at certain reference levels.
In this way discontinuous waveforms or waveforms with a dis-
continuous first derivative can be generated. In the case of har-
monic oscillators two or more energy reservoirs are required.
The energy reservoirs can either be of a different type or of the
same type, if combined with a resistive element. Important to
note is that these kinds of oscillators can be built by using only
linear components and hence are only producing sine waves.

Note that these considerations and conditions for oscillation
are valid for electrical oscillators as well as for mechanical and
even for optical oscillators. Every time constant in nature can be
reduced to one of the possibilities described above. The Wien-
bridge oscillator is a harmonic oscillator with two resistors and
two capacitors.

B. The Barkhausen Criterion

An oscillator may be described as a feedback system. As a
condition to sustain oscillation, positive feedback is needed at
a certain frequency, the oscillation frequency. The Barkhausen
criterion states that for stable oscillation (i.e. oscillation with a
constant amplitude), the loop-gain of the system has to be

equal to 1 and the phase shift has to be an integer multiple of
:

(1)

Because of the nonlinear behavior of relaxation oscillators, they
cannot be described using transfer functions. As such it is not
possible to use the Barkhausen criterion to determine the oscil-
lation frequency. However, in the case of harmonic oscillators,
which can be described as linear systems, at least in their start
up operating point, the Barkhausen criterion is a necessary con-
dition for oscillation.

C. The Q-Factor

The Q-factor or Quality factor of an oscillator is a dimen-
sionless parameter comparing the rate of energy dissipation of
a system to its oscillation frequency. For physical systems the
Q-factor is generally defined as

(2)

(3)

One can prove (see Section II-D) that for a critically damped
system the Q-factor equals 1/2. Resonators with a larger
Q-factor are underdamped and show an oscillation with
decreasing amplitude while returning to their equilibrium
situation. Overdamped systems do not oscillate on
their own.

The definition can be used to calculate the Q-factor of dif-
ferent types of oscillators. In some cases however, it is non-
trivial to calculate the stored energy or energy dissipation be-
cause of a combination of energy tanks which are charged at dif-
ferent moments in the oscillation cycle. In [12] two alternative
methods are described to calculate the Q-factor of a resonator.
The Q-factor can be calculated as function of the 3 dB width
of the peak in the transfer function and as a function of the
steepness of the transfer function phase where
it crosses 0 .

A final way to determine the Q-factor of a resonator is based
on the resonator’s transfer function. In general the transfer func-
tion of a second order harmonic resonator may be written as fol-
lows:

(4)

where is the resonant frequency of the resonator and K is a
non-imaginary constant. In this way the Q-factor can be easily
extracted. Note that high-Q resonators can, due to
their pairs of complex conjugated poles, always unambiguously
be written as a product of second order systems. In low-Q sys-
tems one can calculate a Q-factor for each pair of poles. The
noise and stability behavior is determined by the Q-factor of all
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pairs of poles and the poles and zeros around the resulting os-
cillation frequency. However, in systems with more then 2 fre-
quency determining poles or zeros it is more likely to use one
of the other methods to calculate the resulting Q-factor.

D. Frequency Versus Amplitude Stability

The Barkhausen criterion is fulfilled for a system when the
transfer function of the resonant network times the (com-
plex) forward amplifier gain equals 1 (Fig. 1).

(5)

This expression is the Laplace transform of the differential equa-
tion of a generic oscillator in time domain.

(6)

Note that the amplifier’s transfer function can be ap-
proximated by as long as the phase shift of the amplifier
is negligible at the oscillation frequency, i.e. the amplifier or
active components have no influence on the oscillator behavior.
The solution to this differential equation can be simplified by
defining the generalized Q-factor as

(7)

When the feedback gain is zero, the generalized Q-factor is
equal to the Q-factor of the passive resonator. After substitution
of in (6), the general solution of the differential equation
becomes:

(8)

where A and B are coefficients depending on the boundary con-
ditions of the differential equation. Depending on the value of

, a different behavior is observed. If , the so-
lution is the sum of two real exponential functions. The system
is overdamped and will not oscillate while returning exponen-
tially to its equilibrium. When , the system is criti-
cally damped. Under the same starting conditions, the critically
damped system always returns faster to its equilibrium than the
overdamped system. An oscillation is observed when

(9)

In this case the solution contains a time varying complex ex-
ponential function, which means the system is oscillating over
time. The real part of the generic solution can then be written as

Fig. 1. Overview of a general feedback system showing the amplifier and feed-
back network.

(10)

where and are coefficients depending on the boundary
conditions of the differential equation. A stable oscillation is
observed, i.e. The Barkhausen criterion is fulfilled, when

(5) or . In the time domain (8) this corresponds
to an oscillation at frequency with a constant amplitude

. When , the Barkhausen criterion is no
longer fulfilled and . In the Laplace domain this can
be represented by (5) where the right hand side is changed to a
number larger than one. The amplitude of the oscillation will in-
crease. When the gain is high enough , the
solution (8) becomes an increasing exponential function. In this
case there is no oscillation and the output voltage approaches in-
finity. For oscillators with decreasing amplitude,

. This case can be represented by (5) where the right hand side
is changed to a number lower than one.

An important conclusion from (10) is that in both cases, in-
creasing and decreasing amplitude, the oscillation frequency is
lower than in the case of a constant amplitude. This stresses the
great importance of a stable amplitude regulation.

III. THE WIENBRIDGE OSCILLATOR

A. Ideal Wienbridge Oscillator

The Wienbridge oscillator is a harmonic oscillator consisting
of 2 building blocks: an amplifier and a passive RC-feedback
network (Fig. 2). The transfer function of the feedback network
can be written as

(11)

The magnitude and phase behavior are displayed in Figs. 3 and
4. The Barkhausen criterion is fulfilled when an amplifier with
a gain of 3 and zero phase shift is used. This results in the fol-
lowing oscillation frequency:

(12)

in which and are the values of the resistors and capacitors
in the feedback network. In the basic implementation (Fig. 2)
the amplifier consists of an opamp and two feedback resistors
to adjust the gain to 3. The Q-factor of this harmonic oscillator
is easily extracted from (11):

(13)
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Fig. 2. Conventional Wienbridge topology using a passive feedback network
and an opamp. Due to the feedback resistors, the amplifier has a gain of 3.

Fig. 3. Magnitude of the transfer function of the Wienbridge oscillator. The
elements for the first definition of the Q-factor are indicated on the figure.

Fig. 4. Phase of the transfer function of the Wienbridge oscillator. The slope
of the transfer function is indicated on the figure.

Note that the other two methods proposed in Section II-C
result in the same Q-factor.

B. Frequency Determining Factors

It is clear that in this ideal implementation, the oscillation fre-
quency is only dependent on the passive RC network, as pro-
posed in our design methodology (Section I). If a temperature
independent oscillation is required, this network should con-
sist of temperature stable passive elements. In the technology

used, N- and P-poly resistors and MIM-capacitors are avail-
able. The temperature dependency of the capacitors is consid-
ered negligible. Since the N- and P-poly resistors have a positive
and a negative first-order temperature dependency respectively,
a combined resistor with the remaining second-order tempera-
ture dependence is obtained. The ratio of the ideal N- to P-poly
resistance was simulated to be approximately 2/3. The resulting
temperature coefficient (36 ppm C) allows its use in a temper-
ature stable oscillator topology.

For the resistors, [13] and [14] report a relative resistor mis-
match lower than 1% for resistor values higher than 20 k
and a width of 500 nm. The matching of the MIM-Capacitors
is, due to their large dimensions ( m m for the
frequency determining capacitor C), expected to be 0.05% in
a 130 nm technology [15]. Matching performance usually be-
comes better towards deep submicron, but for the worst case
the above numbers are used (since process variation of the used
technology was not available during the design). The expected
mismatch in oscillation frequency (12) resulting from these fig-
ures within one wafer is about 1.1%. In order to have a high ab-
solute accuracy over different runs, the absolute accuracy of the
passives has to be guaranteed. Although the measurements in
Section VII show some results close to the simulated values, the
expected wafer-to-wafer frequency mismatch is 10 to 15 times
higher [14]. For each wafer some trimming could possibly be
required.

The use of a N- and P-poly combination to obtain a tempera-
ture independent resistance is based on their respective temper-
ature coefficients. However, the temperature variation of both
N- and P-poly resistors is only 2% over a temperature span of
140 C. In case of a 10% resistor mismatch, this results in a
temperature dependency of only 0.2%, which corresponds to an
extra 14 ppm C. As will be shown in Section VII this is only
one third of the deviation caused by the amplitude regulator.

C. Implementation Non-Idealities

Using an non-ideal opamp introduces the finite output
impedance and phase shift to the transfer function. The output
impedance becomes part of the feedback circuit, thereby be-
coming a determining parameter for the oscillation frequency.
Since the output resistance of the transistors changes consider-
ably with temperature and the pole frequencies in the amplifier
(controlling the phase shift of the amplifier) are also very
temperature dependent, this poses a serious problem for tem-
perature-stable oscillation: the opamp becomes the critical part
of the oscillator circuit. A temperature stable oscillator using
the conventional Wienbridge topology implies the use of a very
high performance opamp or alternative opamp configurations
[11]. This, in turn, severely limits the low-power operating
capabilities of such a circuit.

The impact of process variability makes matters even worse.
The gain, output impedance and phase shift will have wide dis-
tributions, which has a large impact on the absolute accuracy of
the oscillation frequency.

To avoid this trade-off between power consumption, temper-
ature stability and absolute accuracy, a new topology has been
developed.
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Fig. 5. Schematic and small-signal model of a common source amplifier with
drain resistor.

Fig. 6. Improved Wienbridge oscillator topology.

IV. IMPROVED WIENBRIDGE TOPOLOGY

A. Basic Structure

As explained in the previous section, the amplifier is the crit-
ical component in the Wienbridge oscillator. The requirements
can be summarized as follows: (1) a constant output impedance,
(2) no phase shift at and (3) a non-inverting voltage
gain of 3. It is clear that these conditions have to be preserved
under changing temperatures and process variability.

The amplifier needed can be easily realized using a simple
common source transistor with drain resistor, as shown in
Fig. 5. The drain resistor becomes, together with the output re-
sistance of the transistor part of the feedback network. Since
the total output resistance determines the oscil-
lation frequency and strongly varies with temperature,
should only be determined by the temperature stable resistor

. This is achieved by maximizing the output resistance of the
amplifier by adding two cascode transistors. In this way the
total, equivalent resistance is almost independent of , the
output resistance of the transistor-branch.

The phase shift of the amplifier should be minimized at the
oscillation frequency and is determined by the pole-frequencies
of the amplifier. Since poles exist at the sources of the cas-
code transistors, their sizes should be limited

m m .
A solution to the inverting behavior of the amplifier can be

found in cascading two (inverting) amplifiers with feedback net-
work, as shown in Fig. 6. The result is a loop of two Wien-
bridge oscillators. A differential signal will be found between
the output nodes of the two amplifiers.

B. Stability of the Voltage Gain: Source Degeneration

In a Wienbridge oscillator, a voltage gain of 3 is required. The
voltage gain of the common source amplifier can be described
as

(14)

in which is the transconductance of the transistor.

Fig. 7. Completed amplifier used in the Wienbridge oscillator.

As stated before, the output resistance of the transistor branch
is maximized, resulting in an amplifier output resistance,

determined by resistor , which is strongly temperature inde-
pendent. In contrast, the transconductance of the transistor
varies as much as 35% over a temperature range of 40 to
100 C, resulting in a large fluctuation of the gain.

In order to stabilize this gain, source degeneration is used.
Using this technique, the transconductance of the amplifier be-
comes

(15)

which is largely determined by the source resistor
k , a very temperature independent component (Fig. 7).

This source degeneration also results in an increase of output
resistance by a factor , which is favorable.
Apparently there is a trade-off between the magnitude and the
temperature stability of the transconductance. In order to have
a stable oscillation, a gain of 3 should be preserved. As the
transconductance of a transistor can be written as

(16)

an increased current through the common source transistor is
needed to enhance and . Since, given a certain DC-bi-
asing, the output resistance will drop inversely proportional to
the transistor current, the amplifier gain (equal to )
is not affected by the increased biasing current.

C. Increase of the Gain: Current Bleeding

A solution to the previous problem is found in the current
bleeding technique. Using this technique, extra current can
be delivered to the common source transistor (increased ),
without increasing the current through the cascodes (output
resistance preserved) and output resistor R. To minimize the
impedance reduction at the current bleeding node, two cascode
transistors , are added to the inserted current sources

(see Fig. 7). The resulting amplifier has a tempera-
ture-stable voltage gain of 3. Due to the high output impedance
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Fig. 8. Gainboosting amplifier for the lower cascode transistors.

of the transistor branch (the transconductance amplifier), the
output impedance of the amplifier is equal to .

D. Controlling the Output Resistance: Gain Boosting

To increase the output resistance of the transconductance am-
plifier even more, gain boosting has been applied to both cas-
code transistors. This results in an additional increase of the
output resistance with a factor which is approximately equal to
A, being the voltage gain of the gain-boosting amplifier. Gain
boosting also has a positive effect on the phase shift of the am-
plifier: since the impedance at the source of the gain-boosted
cascode transistor is reduced, its pole will shift towards a higher
frequency, which will reduce the phase shift of the amplifier at
the oscillation frequency significantly.

For reasons of compatibility with the differential architec-
ture of the oscillator, the gain-boosting amplifiers have been
implemented as fully differential amplifiers. The gain-boosting
amplifier used on the lower cascode is shown in Fig. 8. The
input and output terminals are re-
spectively connected to the sources and gates of the cascode
transistors, as shown in Fig. 7 showing the complete ampli-
fier. The gain-boosting amplifier used on the upper cascode is
similar, but uses a NMOS-differential pair. Due to the limited
supply voltage in 65 nm, capacitive coupling between the output
of the gain-boosting amplifiers and the gate terminals of the cas-
code transistors is used.

The resulting amplifier is shown in Fig. 7. It has a phase shift
until a frequency of 24 MHz and at 48 MHz,

resulting in a negligible phase shift at the oscillation frequency
of 6 MHz. Note that even in a 48 MHz oscillator, the amplifier
should hardly have an influence on the oscillation frequency.

The Bode plot, in Fig. 9, shows that the active frequency
span of the gainboosting amplifiers ranges from
200 kHz to 100 MHz (dashed lines). In addition, the reduction
of the source impedance of the cascode transistors
near the oscillation frequency is also shown on the graph. Fi-
nally, the overall gain of the amplifier is visualized.

Under all circumstances the simulated ratio between the tran-
sistor branch output resistance and the output resistor value R is
higher than 1000.

E. Guaranteeing the Absolute Accuracy

A lot of design decisions have been made to reduce the influ-
ence of the transistor branch on the oscillation frequency. This

Fig. 9. A Bode plot showing the gain of the gainboosting amplifiers and the
complete amplifier. The source impedance of the cascode transistors is also
shown. The dashed lines indicate the active region of the gain boosters.

also has serious advantages concerning the absolute accuracy of
the oscillation frequency. Since this frequency is purely depen-
dent on the passive components of the feedback network, the
accuracy of will depend on the spread on the value of these
components. In a CMOS technology, the spread of passive com-
ponents is due to their bigger size typically significantly smaller
compared to active components [16]. Furthermore, as stated be-
fore, the temperature dependency of these components can be
reduced significantly compared to that of the active components.

V. THE AMPLITUDE REGULATOR

A. Purpose and Stability Problem

To make sure the output impedance of the transistor branch
remains high, the transistors have to operate in the saturation
region. This means that the output amplitude has to be limited
prior to the deformation of the output signal. This is only pos-
sible with a non-linear circuit which influences the gain of the
Wienbridge amplifier. Typically an amplitude regulation circuit
consists of three parts: 1) measurement of the amplitude by peak
detection, 2) integration of the peak signal on a capacitor, and
3) feedback to the gain of the amplifier. As described in [17] one
of the main problems of amplitude regulation with peak detec-
tion is its instability. A first pole in the feedback network can be
found in the integrator. The second pole appears due to the delay
between the gain adaptation and the amplitude change. This is,
in a harmonic oscillator, a consequence of the finite Q-factor of
the resonator [18]. As proved in Section II-D an instability in
the amplitude regulation will cause a time varying shift on the
oscillators frequency. Certainly in applications where a high fre-
quency accuracy is required or where down mixing is used this
is not acceptable for obvious reasons.

B. Proposed Solution and Implementation

One solution to cope with this instability problem is pro-
viding a shortcut around the second pole for high amplitudes.
If the peak detection circuit immediately influences the oscil-
lation amplitude, this shortcut is realized. In the realized am-
plitude regulator, the signal peaks are compared to a reference
voltage which is generated using a replica of the amplifier
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Fig. 10. Schematic of the amplitude regulator.

Fig. 11. Gain of the amplifier as function of the voltage applied to the bridge
transistor.

(Fig. 10). If the peaks are too high, the signal will leak through
the source of the peak-detecting transistors , . When
the regulator network is in stable operation, only a very small
peak current is running through these transistors which makes
the input impedance of the measuring circuit very high. The in-
creased leakage current over temperature causes a small linear
temperature coefficient of the input impedance. The larger the
peak detection transistors, the more stable the amplitude regu-
lator but the higher the temperature dependent leakage current
will be. Good results where obtained with a transistor size of

m m. In Section VII, a solution to this small tem-
perature dependency will be described.

The adaptation of the gain can be done by a transistor be-
tween the two differential amplifier branches. This transistor
controls the resulting source degeneration resistance, which in
turn controls the gain. One very beneficial property of this tech-
nique is that it does not influence the DC-operating point of the
circuit, only the AC-gain is altered in this way. The influence
on the output resistance is negligible due to the shielding by
the gain-boosted cascode transistors. Fig. 11 shows the voltage
gain as a function of the gate voltage of the ‘bridge’ transistor.
By using a transistor of m m, a very wide
tuning range is obtained.

Fig. 12. Complete schematic of the Wienbridge oscillator. The gain boost am-
plifiers are omitted for clarity reasons.

The complete regulation circuit with peak detection transis-
tors and , integration capacitor , amplifier replica and
feedback amplifier is shown in Fig. 10.

C. Complete Circuit

Using the different components discussed in the previous
sections, the complete oscillator can be constructed. The full
schematic can be seen in Fig. 12, in which the gainboosting am-
plifiers and the amplitude regulator circuit have been left out, to
increase clarity. The current drawn by the input transistor is 10

A, of which 60% is flowing through the cascode transistors.
The remaining 40% is supplied through the current bleeding.
The total power consumption, biasing included, is 66 W at a
supply voltage of 1.2 V. The feedback circuit, with a resistor
value of 50 k and capacitor value of 530 fF, is designed to
obtain an oscillation frequency of 6 MHz.

At both outputs, two cascaded source followers have been
added to provide sufficient buffering of the signal.

VI. PHASE NOISE PERFORMANCE

Although the circuit was not designed for phase noise perfor-
mance, it is interesting to identify the different noise sources. In
this way it is possible to predict the noise behavior as a function
of the power consumption and other design parameters. Also
the difference between the standard, single loop topology and
the differential structure presented in this paper, is calculated.

A. Noise in the Transconductance Amplifier

In a first step the resulting noise of the transconductance am-
plifier is modeled as a single current noise source at the output.
This equivalent noise current is a combination of the most im-
portant noise sources in the amplifier (Fig. 13). Three different
noise sources are drawn, the first is a voltage source at
the input, which represents the flicker noise at the gate-semicon-
ductor interface. Furthermore two current sources are indicated,
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Fig. 13. Main noise sources in the transconductance amplifier.

and , which represent the channel noise and the re-
sistor noise respectively. As stated in [10], the noise of the cas-
code transistors and gain-boosters is negligible compared to the
noise of the input transistor. Because of the fact that the current
sources for the current bleeding are not conducting any AC-cur-
rent, their dimensions and output resistance can be maximized
in order to minimize the noise. This makes them negligible in the
noise calculation. Apart from the input transistor, the degenera-
tion resistor at the source of the input transistor also contributes
to the noise in the output current.

Consequently, the transfer functions of the different noise
sources to the amplifiers output current can be calculated. The
resulting noise contribution of the source resistor to the output
noise is given by

(17)

where is the Boltzman constant. The noise contribution from
the transistor itself is caused by two complementary sources.
The flicker noise is

(18)

which is inversely proportional to f and where K is a transistor
parameter dependent on the technology node. The other contri-
bution of the input transistor is white channel noise and is given
by

(19)

Note that the input transistors are rather large
m m to enhance their flicker noise behavior and

eliminate the short channel effects, which also have an influence
on the transistor noise. The rms current of the resulting noise

Fig. 14. Small signal schematic of the differential oscillator. The noise contri-
butions of the amplifier are grouped in � .

source at the output of the transconductance amplifier can be
calculated as the sum of these 3 contributions.

B. Noise Propagation in the Feedback Network

The noise of these different noise sources (amplifier and
resistors in the feedback network) is then propagated and
filtered by the feedback network. To calculate the different
noise contributions to the output, it is necessary to calculate the
transfer function of the feedback system from their injection
points to the differential output. The small signal network
including the different noise-current sources is given in Fig. 14.
In this figure represents the estimated resulting noise
contribution of the amplifier. Starting from this circuit and
supposing that the voltage gain of each amplifier is equal to 3,
the transfer functions from the noise sources to the output can
be derived. The transfer function for the noise source to
the differential output is given by

(20)

The transfer function for a current source at the output of the
transconductance amplifier (the noise contribution of the output
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Fig. 15. Bodeplot of the noise transfer functions. The sharp peak is the resonant
frequency of the closed loop system.

resistance and the amplifier itself ) to the differen-
tial output is equal to

(21)

Note that in case of a constant oscillation frequency, the transfer
function is proportional to the resistor in the feedback net-
work. The noise transfer functions are plotted in Fig. 15. These
transfer functions are also valid for the noise sources in a single
ended system (Fig. 16). The differential system contains twice
as much noise sources than the single ended oscillator. Due to
the double output amplitude, the SNR at the output is exactly
the same in both circuits. Important benefits of the differential
structure compared to the single ended structure are a lower sen-
sitivity to supply and ground noise and a lower distortion of the
output signal.

C. Resulting Output Noise

The noise value at the differential outputs can be calculated
as the overall noise power of the different noise sources. Each
noise contribution is multiplied by 2 and by its transfer function.
The noise at the differential output is then approximated by

(22)

The first term in this equation is inversely proportional to the
third power of the frequency. This contribution to the noise at
the output, and consequently also to the phase noise, is most
important at frequencies near to the oscillation frequency. The
other contributions are inversely proportional to the square of
the frequency. Their contributions become more important at
frequencies further away from the oscillation frequency.

An important question is what will happen to a design with
a different current in the amplifier. When the frequency is kept
constant and the DC voltages of the circuit remain equal,
is proportional to the current and inversely proportional to the
resistors and in the amplifiers. As a result the gain of the
amplifiers will not change and the Barkhausen criterion remains

Fig. 16. Small signal schematic of a single-ended wienbridge oscillator. The
propagation of the amplifier noise to the output is proved to be the same as in
the differential case.

fulfilled. Since the frequency is a constant and proportional to
, is inversely proportional to .

(23)

(24)

When the biasing current is doubled, the noise transfer functions
are divided by two. Supposing the active area of the input
transistor scales linearly with the current (the transistor length
stays constant), the contribution of the transistor flicker noise
is inversely proportional to the power consumption. Moreover,
the contributions of the resistors and transistor to the total noise
power are inversely proportional to the drain-source current of
the input transistor. To enhance the phase noise at frequencies
close to the output frequency, the width of the input transistor
has to be enlarged. Considering Fig. 9, this can be done as long
as the amplifier bandwidth is high enough and its phase shift
remains negligible. For a fixed power consumption, one can also
lower the noise by changing the DC biasing of the circuit. By
lowering the resistors for a given current, however, the output
amplitude is decreased. This keeps the SNR value at the output
almost constant.

In Section VII-B, the measured phase noise performance is
discussed.

VII. MEASUREMENT RESULTS

The complete circuit has been designed and processed in a 65
nm mixed signal/RF CMOS technology. The capacitors used are
MIM-capacitors. Resistors are implemented as a combination
of N- and P-poly resistors. Note that no trimming or calibration
has been used. The active area of the chip, including biasing
and output buffers, measures m m and is shown
in Fig. 17.

A. Temperature Stability

During measurements, 7 samples from one batch have been
characterized. The oscillation frequency is 5.998 MHz with a
standard deviation of 53 kHz (0.88%), both measured at room
temperature. Fig. 18 shows the temperature dependency of the
oscillation frequency for different samples in a temperature
range from 0 to 100 C. A linear frequency dependency of
86.1 ppm C exists, which corresponds very well to the simu-
lated value of 81–92 ppm C, including process corners. This
temperature dependency is mostly due to the input resistance
of the amplitude regulator. However, this dependency can be
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Fig. 17. Chip photograph.

Fig. 18. Measured frequency deviation as a function of temperature for dif-
ferent samples. The frequency was normalized at 20 C, some samples did not
work at 120 C.

compensated by the resistors (Section VII-C). The amplitude
of the output signal remains constant, proving correct operation
of the amplitude regulator.

B. Noise Performance

In addition to the frequency stability, the phase noise of the
oscillator (as defined by [3], eq. (2)) is also extracted with
a single-sideband measurement using a Rhode and Schwarz
FSIQ26 Spectrum Analyzer. In Fig. 19, the measured phase
noise density is represented as a function of the
frequency offset from the carrier for three of the mea-
sured samples. The noise measurements are made at room
temperature. At an offset frequency of 10 kHz and 100 kHz a
phase noise of respectively 73,7 dBc/Hz and 94,6 dBc/Hz
is measured at the output of the chip. On this figure, the simu-
lated noise is also indicated (thick black line). Apparently, the
measurements correspond very well to the simulations.

To compare the phase noise performance with other designs,
the Figure of Merit presented in [6] is calculated. This FOM
compares the noise performance at a relative frequency offset
to the power consumption of the circuit. Considering the
conclusions of Section VI-C, increasing the oscillator power
consumption will not have any influence on the FOM. At a fre-
quency offset of 100 kHz, the following result is obtained:

(25)

Fig. 19. Measured phase noise as a function of carrier offset for 3 different
samples.

TABLE I
OVERVIEW OF SOME KEY PROPERTIES

Note that the measured data includes the noise added by
source followers (SF), used as output buffers, on the chip. Since
the noise performance of a source follower is very poor [10],
the intrinsic noise performance of the oscillator is much better.
The simulated noise of the oscillator itself, without the source
followers as output buffer, is 8 dB below the phase noise at
the output of the source followers. In this case, the equivalent
value of the oscillators phase noise FOM at a frequency offset
of 100 kHz is

(26)

C. Suggested Improvements

Since the simulated temperature behavior corresponds very
well to the measured behavior, an improvement to the temper-
ature dependency of the measured circuit is simulated. In this
circuit, the temperature coefficient of the amplitude regulator is
compensated by adding an opposite, first-order temperature co-
efficient in the resistors of the feedback network. This results in
a simulated temperature dependence of 28–33 ppm C, which
corresponds to the second-order temperature coefficient of the
resistors (36 ppm C). Remind that the reported frequency mis-
match is far below the predicted values in Section III-B. How-
ever, some more samples should be measured to characterize the
wafer-to-wafer mismatch accurately.
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TABLE II
COMPARISON TO THE STATE-OF-THE-ART

D. Comparison to the State of the Art

An overview of the most important properties of the circuit
is listed in Table I. In Table II, a comparison is made between
the presented circuit and some recently published temperature
stable and low noise oscillators. The proposed topology appears
to perform very well in a deep-sub-micron CMOS technology.
The temperature stability at an ultra-low power consumption
is high compared to the other references. Compared to other
low-Q resonators and relaxation oscillators, the phase noise per-
formance is rather good [4], [5], [12]. Note that no trimming or
calibration was used to get the reported results.

VIII. CONCLUSION

An improved Wienbridge topology has been developed,
realizing a fully-integrated, low-power (66 W), precise

, temperature-independent (86.1 ppm C) os-
cillator. Advanced design techniques have been used to obtain
a high performance oscillator, of which the specifications are
listed in Table I. The measured temperature dependency and
phase noise performance correspond very well to the simulated
values.
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