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Abstract—In this paper, the phase method is proposed to mea-
sure the 75 dephasing time in a Tantalum-based superconducting
qubit. In the regular Ramsey method for 75 measurement, a
superposition state precesses on the equatorial plane of the Bloch-
sphere due to detuning. The dephasing during the precession is
recorded. In the phase method, rapid rotation is applied to rotate
the superposition state on the equatorial plane through various
angles (phases) to extract the dephasing during an idle time right
before the rotation. While the phase method has been used in
atomic physics, it has not been commonly used to characterize 75
in superconducting qubits. Compared to the traditional Ramsey
method, the phase method does not require prior knowledge of
the dephasing envelope, enabling it to capture the dynamic de-
phasing behavior of a qubit during the measurement more easily.
It also does not rely on detuning and, thus, is insensitive to any
detuning error. In this paper, a Tantalum-based superconducting
qubit with a high 77 (~ 220us) is used. After careful calibrations,
extensive dephasing experiments were conducted using both the
Ramsey and the phase methods to extract 7. We show that the
phase method is insensitive to detuning and works well even with
a very sparse phase sampling (with a step size as large as 7).
We also show that, statistically, it is equivalent to the Ramsey
method within +£10%. Therefore, if both the Ramsey method
and the phase method are used together, it is expected a more
accurate and reliable 75 extraction is possible.

Index Terms—Decoherence, Dephasing, 75, Ty, Quantum
Computing, Superconducting Qubit

I. INTRODUCTION

Using the gate model, quantum computers are promising
to solve some critical engineering problems exponentially
faster than classical approaches such as in prime factorization
[1] and solving systems of linear equations [2] [3]. How-
ever, gate model quantum computing is only expected to
be successful with error-free quantum bits (qubits). This is
because gate model-based quantum computing algorithms rely
on interference which has a very stringent requirement on
qubit error rate [4] [5]. While error-free logical qubits may
be achieved through error correction codes and circuitry [6]
[7] and the overall errors can be further mitigated by machine
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learning techniques [8] [9], it is desirable to enhance the
coherence time of a physical qubit to reduce the resources
and computation times required for error correction. This is
particularly important in the current Noisy Intermediate-Scale
Quantum (NISQ) era [10], where error correction is generally
not available.

Two of the most important coherence times of a qubit is the
T1 and T} times. T is also called the energy relaxation time
or the longitudinal relaxation time and Ty is the dephasing
time or transverse relaxation time [11] [12]. T} is usually
much smaller than 77 and limits the number of quantum gates
that can operate before the information of the state is lost.
Ty measurement is straightforward by exciting a qubit in the
ground state to an excited state and observing its decay rate.
T cannot be directly measured because the effect from energy
relaxation cannot be decoupled. In an experiment, another
quantity, 7%, is measured and is related to T} and T through
the following equation [13]:

1o 0
Ty 2T Ty

The Ramsey method has been commonly used for supercon-
ducting qubit 75 measurement. It relies on frequency detuning
during the formation of a superposition state to have it rotate
on the equatorial plane of the Bloch sphere. The dephasing
during the rotation is recorded and displayed as a decaying
profile in the experimental data which, however, also contains
a sinusoidal envelope of the detuning frequency in its simplest
form. In reality, it is often to see different envelopes such as
beating due to system parity state switching or differently col-
ored noise. Therefore, it is sensitive to the detuning frequency
and also requires an accurate prior knowledge of the envelope
function (i.e. is the envelope a simple sinusoidal function?) to
obtain accurate and meaningful fitting and 75 extraction.

The phase method, which has been commonly used in
atomic physics [14] [15] [16], on the other hand, is insensitive
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to detuning and does not require prior knowledge of the
envelope. The superposition state is first idle for a given time.
Dephasing as a function of idle time is extracted and displayed
as a decaying profile in the experimental data. This is made
possible by applying a fast and well-controlled equatorial
rotation at various angles (phases) immediately after the idle
time. Through phase contrast measurement (finding the peak-
to-peak measurement probability amplitude after a full 27
rotation), the amount of dephasing during the idle time can
be found.

In the following sections, we will first discuss the calibration
process of the system followed by a review of the Ramsey
method. Then the phase method is introduced. Finally, its sen-
sitivity to detuning and phase step size will be discussed and
its equivalency to the Ramsey method will be demonstrated.

II. EXPERIMENT

Figure 1 shows a schematic of the system used in the
experiment. A tantalum transmon is used in this study [17]
[18]. The device is cooled to 10mK in a Bluefors dilution
refrigerator (LD-400). The device is connected to an on-chip
resonator in a package. The package is then connected to
a Quantum Machine OPX [19] by co-axial cables through
various temperature stages. Input signals are generated by a
heterodyne readout circuit and output signals are collected
using Quantum Machine OPX modulated and demodulated
by a Holzworth local oscillator. Table I shows the parameters
used in the experiment.
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Fig. 1. Schematic of the system. The micrograph (modified from [17]) of the
transmon qubit and resonator is shown.

The T energy relaxation time and T, dephasing time are
extracted from the experiment through the measurement of 7T}
and T35 using Eq. (1).

TABLE I

QUBIT READOUT AND MANIPULATION PARAMETERS USED IN THIS STUDY.
Parameters [0)/]1) [1)/]2) Readout | TWPA
LO (GHz) 34 34 7.2 8.0475
IF (MHz) 48.15434 | -160.172099 | 46.13345 N/A
m-pulse Length 72 72 N/A N/A
(ns)
T-pulse 183.3 69.5 N/A N/A
Amplitude (mV)
Readout  Pulse N/A N/A 252 N/A
Length (ns)
Readout  Pulse N/A N/A 70 N/A
Amplitude (mV)
LO Power (dB) N/A N/A N/A -2.85

A. Readout Calibration and Correction

The accuracy of the extraction of 77 and Ty depends on the
state preparation fidelity and readout fidelity. The preparation
and readout fidelity cannot be decoupled [20]. To increase
the accuracy, calibration of the I — ) plane is performed.
|0) is prepared through thermal reset by waiting for 1lms
which is about 573. |1) is obtained by applying a m-pulse
(i.e. 72ns, see Table I) to the thermally reset |0). They are
measured and plotted on the I — @ plane with 100,000
identical experiments performed. The data is then classified
using the Gaussian Mixture Model (GMM) [22] to find an
optimal readout strategy and construct a confusion matrix to
correct readout errors in the following experiments. A readout
fidelity near 99% can be obtained as has been shown in past
work [21]. Fig. 2 shows the I — @ plane and the fitted negative
log-likelihood predicted by GMM. The confusion matrix for
|0) / |1) measurement is

0.949 0.051
Moo = (0.061 0.939) ' @

Since thermal reset takes a long time, active reset is pre-
ferred. In active reset, a w-pulse is applied to obtain |0) when
a state is measured to be |1) instead of waiting for it to decay
thermally. This is possible with the aforementioned calibration.
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Fig. 2. The negative log-likelihood predicted by GMM for |0) / |1) readout.

1296

Authorized licensed use limited to: San Jose State University. Downloaded on December 31,2025 at 21:49:00 UTC from IEEE Xplore. Restrictions apply.



The system being used is capable of qutrit operations [18].
This means that the qubit can be excited to |2) state under a
well-controlled environment in addition to |0) and |1). Table I
shows the corresponding parameters for |1) / |2) transition. As
will also be shown later, in some experiments, the qubit can be
erroneously promoted to |2). Therefore, it is desirable to study
and calibrate its qtrit read-out strategy. The same strategy as
in the aforementioned |0) / |1) calibration is used to obtain the
distribution of |0) and |1) readout result on the I — @ plane.
To calibrate the readout of |2), the qubit is thermally reset
after waiting for 4ms and is then excited to |2) by applying
a m-pulse for |0)/|1) transition (i.e. 72ns) followed by a
m-pulse for |1) /|2) transition (also 72ns but at a different
frequency, see Table I) and measured. 100,000 experiments
are conducted. Fig. 3 shows the I — @) planes and the fitted
negative log-likelihood predicted by GMM for each state. The
confusion matrix for |0) /|1) / |2) measurement is

0.959 0.037 0.003
M1z = | 0.055 0.903 0.042 3)
0.041 0.068 0.891

0.015
a)
0.010
0.005
0.000

—0.005

o ———

-0.010

—-0.01 0.00 0.01

o =

Fig. 3. a) Distribution of |0), |1), and |2) among the 100,000 readout data on
the I — Q-plane in calibration. b), c¢), and d) show the negative log-likelihood
predicted by GMM for |0), |1), and |2) states, respectively.

B. T} Measurement

T3 is obtained by measuring the decay time from the excited
state to the ground state. For example, to measure the 77 of
|0) / |1) transition, the qubit is brought to the ground state |0)
through active reset and then is excited to |1) by applying a
m-pulse (i.e. 72ns, see Table I). The qubit is then measured
at different delay times, ¢, from 16ns to 1.6ms at a step of
40ps. 1000 identical experiments (shots) are performed at each
delay. The probability of measuring |1), P;(t), is then plotted
against the delay and fitted using,

Pi(t) = P (0)e” 7 4)

P;(0) is set to be 1. Fig. 4 shows an example of 77 measure-
ment and its fitting. The extracted 77 is 222us.
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Fig. 4. An example of |0) /|1) 71 measurement. The probabilities have been
corrected using the confusion matrix for more accurate extraction, resulting
in small negative values at a large delay time.

C. TS Measurements

Two methods are used to measure 75. One is the regular
Ramsey method (dubbed “’the Ramsey method”). Another is a
method commonly used in atomic physics and is dubbed “the
phase method”.

1) Ramsey Method for Ty Measurement: Ramsey method
is commonly used to measure the 73 of a qubit. As shown in
Fig. 5, firstly, the qubit is initialized through an active reset
(Fig. 5a). Then a Z-pulse for |0) / |1) transition (i.e. 36ns, see
Table I) is applied with a detuning frequency, 7, of 0.6MHz.
This will bring the qubit to a superposition state of w
(Fig. 5b). Due to detuning, the qubit will precess on the B{och
sphere (Fig. 5c, e). After precessing for time ¢, another 5-
pulse is applied. Depending on the position of the state on the
equator, the 7-pulse will bring the state to |0) (e.g. Fig. 5f),
|1), or a superposition state of |0) and |1) (e.g. Fig. 5d). If a
measurement follows, the probability of measuring |0), P (t),
oscillates as a function of ¢. When there is phase decoherence,
the Bloch vector shrinks (Fig. 5g, h), and the amplitude of the
oscillation decreases as a function of ¢. ¢ is varied from 16ns
to 80us in steps of 200ns. To measure the probabilities, for
each precess time, ¢, the experiment is repeated 1000 times.
For a dephasing process with a single time constant, the decay
of the amplitude can be modeled as

t

Pi(t) =a+be T3 cos (2mdst + ¢) (5)

where ¢, a and b are fitting parameters and a and b are
expected to be % in theory.

Fig. 6 shows an example of the Ramsey measurement
obtained from this system. The fitting parameters are a = 0.47,
b =0.55 Ty = 27.2, 0y = 0.40MHz, and ¢ = 0.051rad.
The curve can be fitted well with one single time constant in
the experimental interval (80us) and the extracted 75 is 39us.
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Fig. 5.
arrows represent the Bloch vectors. Green arrows represent the subsequent
operations on the Bloch vector. n is the number of completed circles of
precessing and the precessing angle varies from O to 27 with % and 7 as
examples. From b), due to detuning, the vector will precess to c), e), or g).
When n is small, dephasing is not much. g) is the case when n is large and
the Bloch vector has shrunk noticeably.

Bloch spheres depicting the Ramsey measurement process. Pink

-
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Delay Time (us)

Fig. 6. Ramsey [0) /|1) T5 measurement result example with a long T3
which can be fitted well using a single time constant.

However, when multiple experiments are performed on
different days, 75 may change due to the drifting of the
environment including the changing of charge parity [18]
[23]. T might not be fitted well with one time constant.
For example, Fig. 7 shows that while the fitting error of the
full curve is minimized, it cannot fit the peak-to-peak range
between Ous and 40us well.
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Fig. 7. Ramsey |0) /|1) T measurement result example with a short T3
which cannot be fitted well using a single time constant, particularly in the
Opes to 40ps region.

On the other hand, if only the first 24us of the curve is
fitted (Fig. 8), the first 24us of the curve is fitted well and
the extracted T3 is 28us. This example shows that if there
are more than one time constant in the Ramsey experiment,
it is difficult to extract a meaningful 75 as accurate prior
knowledge of the envelope is not available. Significant data
processing (such as filtering) and analysis are required before
the fitting.
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Fig. 8. Ramsey |0) /|1) T measurement result example with a short T3
This is the same figure as Fig. 7 except that only the first 2415 (orange line)
data is used in the fitting.

2) Phase Method for Ty Measurement: Like the Ramsey
method, the qubit is initialized to |0) through active reset
(Fig. 9a) and brought to a superposition state of 0+HY
(Fig. 9b) with a J-pulse for [0) / |1) transition (i.e. 36ns, see
Table I). Unlike the Ramsey method, detuning is not required
to extract the Ty of |0)/|]1). Therefore, this methodology is
expected to be insensitive to detuning errors. Without detuning,
the vector will not precess on the equatorial plane. The system
is then idle for a time, ¢, from 16ns to 80us in steps of
200ns before a rotation about the vertical axis is applied
(Fig. 9c). The rotation is accomplished by a virtual Z-gate
operation through coordinate transformation without an actual
gate pulse. The Bloch vector is rotated for an angle (phase, p)
from 0 to HT” in steps of . As in the Ramsey method, another
5-pulse is applied after the virtual Z-gate (Fig. 9d). Depending
on the position of the state on the equatorial plane, the 5-pulse
will bring the state to |0) (Fig. 9¢), |1), or a superposition state
of |0) and |1). If a measurement follows, the probability of
measuring |1) at a given ¢, P;(p), oscillates as a function of
p and is sinusoidal with a peak-to-peak amplitude, A. When
there is dephasing and ¢ is large, the Bloch vector will have
shrunk during the idle time (Fig. 9f, g, h). Note that since the
virtual Z-gate operation and the 7-pulse are short compared
to t (except for ¢t = 16ns and t = 416ns), we can assume
that dephasing occurs only during the idle time and the Bloch
vector only shrinks (Fig. 5f) during that time to simplify the
calculations. The peak-to-peak amplitude of the sinusoidal
oscillation, A, decreases as a function of ¢ due to the shrinkage.
To measure the probabilities, for each delay time, ¢, and each
phase, p, the experiment is repeated 1000 times.

Fig. 10 shows three examples of P;(p) vs. p taken at ¢t =
Ops, 12us, and 24pus. The amplitude, A, is extracted by fitting
to

A
Pi(p) = 2 cos (p+¢)+o (6)

a) 1) b) 1)

Virtual-Z
1) |

Fig. 9. Bloch spheres depicting the T measurement using the phase
method. Pink arrows represent the Bloch vectors. Green arrows represent
the subsequent operations on the Bloch vector. The state is initialized in a)
followed by a %—pulse to b). After being idle for time ¢, a virtual Z-gate is
applied. If ¢ is small, the Bloch vector will not have a noticeable shrink (c-¢).
If ¢ is large, the vector would have shrunk before the application of the virtual
Z-gate (f-h). Measurements are performed after e) and h). p varies from O to

27. p = m is used as an example.
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where ¢ and o are other fitting parameters. In theory, o = 0.5
and ¢ is the initial phase of the sinusoidal curve.

1.0

o o o
IS o ®

State Probabilities

o
N

data t=Ous
« data t=12us

0.0 = data t=24us

0.0 02 0.4 0.6 0.8 1.0
p (2m)

Fig. 10. P; as a function of p at various idle time, ¢, (markers) and their
fitting curves (lines).

A is then plotted against ¢ and modeled as,
A(t) = A(0)e ™5 (7

In theory, P;(0) is expected to be 1. A phase method experi-
ment is run immediately after the Ramsey experiment in Fig. 6
and it is shown in Fig. 11. The phase method clearly shows that
even in this long T3 process, it has multiple time constants,
although they are similar such that it is not discernible in the
Ramsey method. Based on visual inspection, the first 40us
data which visually follows the same time constant is used
for fitting. The extracted 1% is 37ps which is very similar to
that extracted using the Ramsey method (39us in Fig. 6). This
shows the validity of the phase method and also its ability to
unveil hidden structures.
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Fig. 11. T3 extraction using phase method run immediately after the
experiment in Fig. 6. The first 40us (orange line) data which visually follows
the same time constant is used for fitting.

Immediately after the experiment in Fig. 7 and Fig. 8, a
phase method experiment is also conducted. Figure 12 shows
the results and its fitting. Only the first 245 data is used for
the fitting as they appear to follow the same time constant.
This is the same as what is used in Fig. 8. The extracted 75
is 28us and is the same as the Ramsey method in Fig. 8.
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Fig. 12. T3 extraction using phase method run immediately after the
experiment in Fig. 7 and Fig. 8. The first 24us (orange line) data is used
for fitting.

III. FURTHER EXPERIMENTS
A. Effect of Detuning

As mentioned earlier, the phase method does not require
detuning and it relies on the applications of the virtual-Z gates
to rotate the superposition states on the Bloch sphere equatorial
plane. Since phase contrast is used to measure the peak-to-
peak amplitude, A, in Eq. 6 and Eq. 7, it also does not matter
if the superposition state precesses. A precessing superposition
state will elongate the sinusoidal curves horizontally (as it adds
additional rotation). However, as long as it does not precess
too much during the time Z-gate operates, A can still be
captured accurately. Since virtual-Z gate is used, it consumes
essentially no time in the operation. As a result, precession
due to detuning would not even distort the sinusoidal curve to
be fitted by Eq. 6.

Fig. 13 plots P;(p) vs. p with a detuning of 1MHz for all ¢
from ¢t = Ops to 80us. Unlike Fig. 10 where P;(p) of different
times have a similar initial phase (¢ in Eq. 6), the initial phase
drifts as a function of time. However, this does not prevent it
from measuring 75 successfully.

Fig. 14 shows the plot of A(¢) and the extracted 75 to
be 44us. Note that this set of experiments was taken on a
different date than the aforementioned ones which explains
the difference in 75 values.

B. Effect of Phase Sampling Rate

To further test the robustness of the phase method, different
sampling rates were also experimented. In the previous exper-
iments, p between 0 and 27 was sampled uniformly with a
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Fig. 13. P1 as a function of phase p at various ¢ with a detuning of 1M Hz.
Curves taken at different time delays ¢ are colored differently for clarity.
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Fig. 14. T3 extraction using phase method using the data in Fig. 13.

spacing of 2Z. Here, a spacing of 2% with m = 12, 8, 6, and
4 are investigated.

Fig. 15 plots P;(p) vs. p (no detuning) all ¢ from ¢ = Ous
to 80us for m = 12, 8, 6, and 4. It can be seen that when
m = 4, the curves do not resemble sinusoidal curves at all.
Fortunately, fitting using Eq. 6 is used to extract A. As a result,
it is still able to capture the essential information of the data
to perform meaningful phase contrast.

Fig. 16 shows the corresponding plots of A(t) and the
extracted T4”s. The extracted T4 is essentially unchanged.

C. Statistical Comparison between the Ramsey and Phase
Methods

To gain a statistical understanding of the relationship be-
tween the Ramsey and phase methods, more than 100 experi-
ments were conducted over 84 hours. The phase method was
conducted immediately after the Ramsey method to ensure
that each 75 was measured under a similar environment. It
should also be noted that the system is shared among various
researchers. There is a possibility that the jobs from other
experiments may be executed between the Ramsey and the
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Fig. 15. P as a function of phase p at various phase sampling rate. a), b),
¢), and d) has m = 12, 8, 6, and 4, respectively.
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Fig. 16. T3 extraction using phase method using the data in Fig. 15. a), b),
¢), and d) have m = 12, 8, 6, and 4, respectively.

phase method experiments in each pair. However, since jobs
that will run more than 2 minutes are not encouraged to be
submitted to the system, the delay time, if any, between the
Ramsey and phase method experiments are expected to be
short.

Due to glitches in the amplifier chain (Fig. 1), the read-
out occasionally may have errors. In this case, the data is
discarded. Moreover, it is found in some experiments, some
|1) states are excited to |2) states. Since the readout strategy
is to classify |1) and |0) based on a partitioning line on the
I — @Q-plane (Fig. 2), some |2) states with low I values will
be misclassified as |0).

For example, Fig. 17 shows one instance of such an error.
Due to unknown reasons, |2) is populated. As a result, the
probability of measuring |1) at ¢ = Os is much smaller than
1 as shown in Fig. 18. Since the initial value of P, is small,
this usually leads to an overestimation of 75 due to the more
gentle slope.

The corresponding Ramsey measurement (Fig. 19), which
was conducted right before the phase method, also shows a
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Fig. 17. I — @ plot of the measurements of the first 8 s (orange line) in
one of the phase method experiment. |2) is populated due errors.
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Fig. 18. Extraction of |0) / |1) Ty using phase method when |2) is populated
inadvertently and when there is possible amplifier glitches. The I — @ plot
of the first 8uus (orange line) data is shown in Fig. 17.

similar issue in which P; is much smaller than the expected
value of 1.

Besides removing the data with P;(0) much smaller than
1, there are also data that show “steps” in the phase method.
An example is shown in Fig. 20 in which there is a sudden
decrease of P, at ¢ = 20us. This is believed due to a glitch
in the readout amplifiers. Data of this type are also discarded.

After removing the invalid data points, only 79 are left.
Figure 21 shows the correlations between the Ramsey method
and the phase method after the abnormal data are removed.
It can be seen that 77 of the 79 Ty extracted using the
phase method falls within £10% of the T3 extracted using
the Ramsey method.

Wil

0 10 20 30 40 50 60 70 80
Delay Time (us)

Fig. 19. Extraction of |0) /|1) T3 using Ramsey method when [2) is
populated inadvertently and when there is possible amplifier glitches. This
experiment was conducted right before that in Fig. 18.
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Fig. 20. Plotting of the T extracted using the phase method against the T%
extracted using the Ramsey method.

IV. CONCLUSIONS

The phase method is applied to a tantalum-based supercon-
ducting qubit to measure its 7. It is found that the phase
method gives a similar result to the Ramsey method. It does
not rely on detuning and, thus, it is insensitive to detuning
errors. By extracting the dephasing through phase contrast,
the decay curve is clearer and easier to be comprehended
and, unlike the Ramsey method, it does not require any prior
knowledge of an envelope in the decay curve. It is also found
that, due to its robustness, very sparse phase sampling is
sufficient. Therefore, if both the Ramsey method and the phase
method are used together, it is expected that a more accurate
and reliable T3 extraction is possible.
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