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Abstract— Allan deviation provides a means to charac-
terize the time-dependence of noise in oscillators and po-
tentially identify the source characteristics. Measurements
on a 130 nm, 7-stage ring oscillator show that the Allan
deviation declines from 300 K to 150 K as expected, but
surprisingly increases from 150 K to 11 K. At low temper-
atures, the measured Allan deviation can be well fit using a
few random telegraph noise (RTN) sources over the range
of a few kilohertz to a few gigahertz. Further, the RTN
characteristics evolve to reveal an enhanced role in low-
frequency noise at lower temperatures.

Index Terms— Allan deviation, CMOS ring oscillator,
noise, random telegraph noise, temperature, traps

[. INTRODUCTION

Electronic circuits utilized in space applications, high-
energy physics experiments, and high-performance and quan-
tum computing often operate at cryogenic temperatures [1]-
[3]. For quantum computing, there is a growing interest in
developing control and readout circuitry that operates reliably
at temperatures as low as 4 K [4], [5] so as to place it phys-
ically close to the qubits and reduce the impact of parasitics
in the measurement pathway. Complementary metal-oxide-
semiconductor (CMOS) technology is one of the most viable
ways to fulfil this need for reliable low-temperature electronics
due to its low cost, scalability, and ease of fabrication.

Characterization of the performance of various CMOS tech-
nologies at cryogenic temperatures [6]—-[9] has been mostly
limited to measurements and modeling of dc transistor char-
acteristics. There is relatively limited work devoted to under-
standing how changes in device characteristics with temper-
ature affect the performance of circuits [10]. Ring oscillators
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are basic building blocks of many digital and mixed-signal
integrated circuits, particularly in applications involving timing
generation or measurement [11]-[13]. Measuring their prop-
erties provides a valuable platform in understanding how low
temperatures affect device transient and noise properties.

Measurement of the temperature dependence of timing jitter
or phase noise in the oscillator is as important for any practical
application as characterization of parameters like frequency
and power consumption [14]-[17], but direct measurements
of phase noise do not reveal subtle details of the underlying
fundamental noise sources. Here, we report measurements of
the Allan deviation [18]-[20], a time-domain stability metric,
of a 7-stage CMOS ring oscillator as a function of temperature.
By creating fits for the Allan deviation with white, 1/f and
random telegraph noise (RTN) sources, we are able to trace
how the noise signatures for devices in this process evolve with
temperature. Our results highlight the use of Allan deviation
measurements of ring oscillators to characterize the noise
properties of devices from a few kilohertz to a few gigahertz.
Noise characterization across a wide range of frequencies
provides information about both long-term absolute jitter accu-
mulation and short-term dynamics such as cycle-to-cycle jitter
in oscillators [21].

[I. EXPERIMENTAL SETUP

The 7-stage ring oscillator circuit was fabricated in a 130 nm
bulk CMOS technology operated at voltages up to 1.5 V. It
consists of seven two-input NAND gates [22] with both n-
type and p-type transistors sized with a length of 120 nm and
width of 8 um. We wire-bonded the chip to an FR4 [23] printed
circuit board with a temperature sensor mounted close to the
chip. NP0 [24] ceramic capacitors that perform well down to
4 K, decoupled the on-board power supply. A closed-cycle
refrigerator in a cryo-chamber cooled the board.

The timing noise in the oscillator output was characterized
with modified Allan deviation [18]-[20], which measures the
fractional frequency fluctuations in oscillators as a function
of the measurement time interval. Unlike cycle-jitter or cycle-
to-cycle jitter [21], Allan deviation captures the dynamics of
noise accumulation. We sampled the oscillator output at 50
GHz with a mixed-signal oscilloscope with 130 fs sampling
jitter and collected 10 ms time traces. The times at which the
output waveform rising edge is at 50 % of its maximum value
were used for computing the modified Allan deviation.
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Fig. 1. Measured (a) frequency and current consumption vs. tem-
perature, (b) phase noise power relative to carrier power measured by
an oscilloscope (c) modified Allan deviation (mod o (nT)) X oscillator
period () vs. number of periods (n) at different temperatures (d)
mod o(nT) X T vs. temperature at different values of n; error bars
in (c) and (d) represent 95 % confidence and are determined from x2
statistics [18].

[1l. RESULTS AND DISCUSSION

We interpret the oscillator frequency and current consump-
tion as a function of temperature, as shown in Fig. 1(a),
in terms of the typical increase in both carrier mobility (u)
and transistor threshold voltage (V) [4], [6]-[8]. Then, the
current increase from 300 K to 40 K would be due to the
increased p, and the drop in current from 40 K to 20 K
would be due to the increase in V; outweighing the effect of
a larger p. The oscillation frequency is inversely proportional
to the output capacitance of each gate and proportional to the
charging and discharging current. When cooling from 300 K
to 40 K, the oscillation frequency increases due to the current
increase but from 40 K to 20 K, the current decreases and
the oscillation frequency increases. While gate capacitances
are largely temperature independent [25], we speculate that
the drain/source depletion capacitance may decrease due to
incomplete ionization and higher depletion widths below 40 K,
leading to an increase in frequency. The relative frequency
increase at 11 K changes from 48 % at Vzjg = 1.5 V to
44 % at Vgg = 1.2 V and 37 % at Vg = 1 V. We
presume the increased V; affects the current more at lower
values of V4. Fig. 1(a) also includes SPICE simulation results
using room temperature transistor models whose DC operating
point simulations show both higher 1 and higher V; at lower
temperatures. The simulated trends start diverging from the
measured trends as the temperature is lowered, but the same
behavior of current increase, frequency increase, and larger
frequency increase for higher values of V4 is seen in both.

Noise sources with power-law characteristics in frequency
can be identified by the slope of the Allan deviation on a
log-log scale. For the smallest number of periods, the Allan
deviation is frequently dominated by high-frequency white
noise sources external to the oscillator circuit, with a slope
of —1.5, followed by contributions from noise internal to the
oscillator with slopes of —0.5 from white noise and 0 from 1/ f

and Fig. 1(d) show the measured modified Allan deviation.
Although the oscillator noise depends on V4, we focus on
characterizing the temperature dependence of noise at a single
value of Vg = 1.2 V lying in the middle of the oscillator’s
operating range. To compare results at different temperatures,
we scale the modified Allan deviation by the temperature-
dependent oscillator period and plot it as a function of the
number of periods. We expect the deviations to decrease
at lower temperatures for several reasons. First, the thermal
noise in the drain current should decrease as the temperature
is lowered [26]. Although the thermal noise is proportional
to the small-signal transconductance, which increases as the
temperature is lowered, it only does so by 2 to 3 times for a
factor of 70 reduction in temperature [7], [8], [27]. Second, the
impulse sensitivity function [28] decreases with faster rise and
fall times, which can be inferred from the higher frequencies at
lower temperatures in Fig. 1(a), leading to lower conversion of
noise to timing jitter. Third, 1/ f noise is predicted to decrease
by McWhorter’s model [29], [30]. However, at 80 K, the Allan
deviation is higher than at 300 K for 100 to 1000 periods
and becomes higher at all time scales as the temperature is
lowered to 11 K. Although contrary to theoretical predictions,
this increase is consistent with measurements on individual
devices [27], [31] and fabricated CMOS LC oscillators [4]
that show 1/f noise increases below ~150 K. The phase
noise measurements in Fig. 1(b) show the same trend: phase
noise at 11 K is ~10 dB higher than that at 300 K. In
addition to the increase in the magnitude of the Allan deviation
measurements, there are also intermediary slopes that are not
characteristic of white or 1/f noise.

To understand the noise increase seen in our measurements,
we first fit the measured Allan deviation using a sum of lines
of slopes —1.5, —0.5, and 0 for frequency fluctuations due
to external, white, and 1/f noise respectively. The fitting
parameters were the magnitudes of these three noise sources,
and we obtained fits by minimizing the sum of relative least-
squares errors. These noise sources fit the measured data
well at 300 K and 150 K, see Fig. 2(a) and Fig. 2(b). At
80 K (Fig. 2(c), they give a poor fit, indicating that the
noise in the circuit at 80 K is not purely white and 1/f.
We attribute the poor fit to the Allan deviation to random
telegraph noise (RTN), which originates from the switching
activity of traps and has a Lorentzian profile in the frequency
domain [32]-[35]. Capture and emission of electrons by a trap
results in two-state current fluctuations that linearly map to
timing deviations [28]. The autocorrelation function for an
RTN signal with the characteristic rate r is e~"* [32]. By
using this expression for the autocorrelation of a RTN signal,
the contribution of an RTN source to the Allan variance is:

A2 4 —rt —2rt
7_72 W (2Tt + de — €

with ¢ the measurement time, A the RTN jitter magnitude, and
7 the oscillator period. In the limit rt < 1, 02(¢) o< rt; when
rt > 1, 0%(t) o 1/(rt) giving the expected dependence of
the Allan deviation as ¢'/2 and t~!/2 where the Lorentzian

-3), (1)
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Fig. 2. Fitting measured mod o (n7T) X 7 using white and flicker noise
sources in (a), (b) and (c), RTN sources in (d), (e), (f), (g) and (h). Dotted
lines in (d), (e), (f), (9) and (h) show the individual contribution of each
RTN source.

shows a 1/f2 roll-off and is flat, respectively.

At and below 80 K, we fit the Allan deviation with a
superposition of high-frequency external noise and three RTN
sources as in Eq. 1. We model the activity of traps as thermally
activated and governed by r = rgexp [-A/kT], with r¢ the
trap characteristic escape rate, A the trap activation energy,
k Boltzmann’s constant, and 7' the temperature. The fitting
parameters are temperature-independent values of A and r¢
for each of the three RTN sources and independent magnitudes
for the three sources at each temperature. Fig. 2(d) shows
the fit at 80 K obtained with RTN sources, which matches
the measured data better than the fit obtained with white and
1/f noise sources. Fits at temperatures below 80 K shown in
Fig. 2(e)-(h) also match the measured data closely. Three RTN
sources were chosen for these fits as three was the minimum
number that led to good fits.

Fig. 3(a) and Fig. 3(b) show the evolution of the frequency
and magnitude of the three RTN sources with temperature.
Fig. 3(c) shows that below 40 K, the RTN fit error is signifi-
cantly lower than the fit error with white and 1/f noise. The
higher RTN fit error at 40 K and 60 K is primarily due to the
slowest trap (trap 3) being less dominant at these temperatures,
as can also be seen from the fits in Fig. 2(e) and Fig. 2(f). We
expect that there are contributions at all temperatures from
white and 1/f sources in addition to the RTN sources, but
that different contributions dominate at different temperatures.
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Fig. 3. Evolution of (a) trap frequency, (b) trap noise magnitude and (c)
total fitting error vs. temperature.

While a more complicated noise model would result in smaller
fitting errors at all temperatures, there is insufficient statistical
support for a more complex model in our data. However, the
general methodology of fitting measured Allan deviation of
ring oscillators to a combination of noise sources enables iden-
tification of dominant noise sources at different temperatures.

Our results indicate that for this technology, ~ 80 K is
the temperature much below which the observable noise is
dominated by the switching activity of ensembles of a few
distinct types of traps that emerge from the underlying device
defects and much above which is dominated by white and 1/ f
noise. As the temperature goes down, the rate r for each of
the traps decreases, shifting the peak in the Allan deviation to
higher number of periods. The barrier heights (A values) in
Fig. 3(a) found in our fits are consistent with the explanation
offered for the increase in measured device 1/f noise due
to band-tail states that act as traps at low temperatures [4],
[27], [31]. At high temperatures, the band edge traps contribute
high-frequency jitter that is obscured by the external noise.
As the temperature decreases, the time scales at which the
traps contribute decrease and come out from under the high
frequency tail, increasing the noise magnitude and changing its
profile to RTN in the region otherwise dominated by white and
1/ f noise. We attribute the non-trivial temperature dependence
seen in Fig. 1(d), especially around 40 - 60 K to (i) dependence
of the RTN jitter magnitude (A in Eq. 1) on the current in
Fig. 1(a) (higher current values lead to faster rise/fall times
and smaller jitter), and (ii) the period dependence of shifted
RTN peaks as traps evolve with temperature.

IV. CONCLUSION

Allan deviation measurements probe the noise signatures
of a group of devices at cryogenic temperatures from a few
kilohertz to a few gigahertz. Such measurements on a 7-
stage CMOS ring oscillator show non-monotonic temperature
scaling, with a reduction in noise from 300 K to 150 K and
a subsequent increase in noise from 150 K to 11 K. This
trend is consistent with previously reported individual device
measurements that have attributed the increase in noise below
150 K to uncovering of band-tail trap states.
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