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Probing Mid-Band and Broad-Band Noise in Lower-Noise D-Wave

2000Q Fabrication Stacks

Summary

D-Wave has been continually developing its fabrication
stack in order to reduce sources of noise. Here, we present
the noise assessment results for two prototype lower-noise
D-Wave 2000Q fabrication stacks, recently developed as
part of the low-noise quantum annealing processor de-
velopment project. Using single-qubit and multi-qubit tun-
neling rates measurements, we compare the flux noise in
lower-noise D-Wave 2000Q fabrication stacks to the base-
line D-Wave 2000Q fabrication stack and show 4.3x re-
duction in mid-band noise and 3x reduction in broad-
band noise levels. The reduced-noise levels in the newly-
developed processor result in 7.4x enhancement in tun-
neling rates.

1 Overview

One of the main sources of decoherence in the D-
Wave quantum annealing processor is flux noise, which
shows up as a fluctuating bias in the double-well po-
tential of rf-SQUID flux qubits and reduces the rate of
multi-qubit tunneling processes. Following our previ-
ous noise assessment work [1-3], we have investigated
the effect of the mid-band and broad-band flux noise
on macroscopic resonant tunneling (MRT) of flux be-
tween the two wells of the qubit 's double-well po-
tential by measuring the tunneling rates of single- and
multi-qubit systems at different points in the annealing

schedule. Quantitative modeling of tunneling rate ver-
sus flux bias traces allows us to characterize the flux
noise spectral density. We performed these measure-
ments for two circuits fabricated in the lower-noise D-
Wave 2000Q fabrication stack and compared them to
the baseline D-Wave 2000Q fabrication stack. We ob-
served up to a 3x reduction in the broad-band and
4.3 x reduction in the mid-band flux noise of the new
processors. The mid-band and broad-band noise reduc-
tions result in 7.4 X enhancement in tunneling rates.

The Effect of Noise on Tunneling Rate: The effect
of flux noise on MRT profile has been discussed ex-
tensively in the previous theoretical and experimental
studies [1-7]. We assume that the spectral density of
flux noise S(w) can be written as the sum of a low- and
a high- frequency component: S(w) = S;(w) + Sg(w).
As a result, the tunneling rate, I';;; between two states
(|m) and |n)) of our rf SQUID can be described as a
convolution of two G!'(w) and GH(w) functions, rep-
resenting the contribution of low- and high-frequency
noise [7]:
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Here, Ay is the tunneling energy and fiwy,, = Ey —
E, is the energy difference between the two states.
The contribution of the low-frequency noise to the
tunneling-rate profile G- (w) has a Gaussian line shape
with a width proportional to W? = [ 4¢S; (w) and an
offset proportional to e; ~ W?/2kpT:
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where a,,, is the Hamming distance between the two
states . The low-frequency (mid-band) noise can be
probed through width or peak-shift measurements.

Assuming that the high-frequency noise is due to an
ohmic environment, the contribution of this noise to
the profile of tunneling rate can be approximated as a
Lorentzian function of Sy:
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Here, T is temperature and 7 is a small dimensionless
parameter that can be used to characterize the coupling
strength of the broad-band noise to a single- or multi-
qubit system. The other parameter, w,, is a high fre-
quency cutoff, defined to simplify the integration by re-
moving the divergence. The tunneling-rate profile near
degeneracy is insensitive to the exact value of w,. In
the limit of small 7, the effect of the high-frequency
noise mainly shows up as excess tunneling in the tail
of the tunneling-rate profile. However, larger coupling
parameters (7 ~ O(1072)) also reduce the tunneling-
rate peak.

Equation 1 can be used to model the tunneling rate be-
tween any two states of rf SQUIDs for both single- and
multi-qubit cases. The Gaussian low-frequency and the
Lorentzian high-frequency noise terms (Eq. 2 and Eq. 3)
depend only on the Hamming distance between the
two states and they can be calculated easily. However,
one must calculate the appropriate value of Ay, for a
given experiment based on independently calibrated
device parameters and use a model that accounts for
the higher energy states in the individual rf SQUIDs.
A more complicated SQUID model including 6 to 8 en-
ergy states is preferred when assessing the character-
istics of the tunneling energy in multi-qubit systems.
However, for the purpose of this work, we were pri-
marily interested in characterizing the noise parame-
ters by fitting data to Eq. 1. Since Ay, is simply a pref-
actor in this expression, we were able to treat it as
a phenomenological parameter. In this case, the tun-
neling energy Ay, becomes proportional to the en-
ergy difference between the two lowest energy states

"Hamming distance between two states is the number of spins
that need to be flipped in one state to match the other state.

Fit Parameters: A =6.44(4) MHz, Ty rr = 14.9(4) mK,
OMRT = 33.4(2) #q)u, ’VN] = 0.0139(4),

qubit-flux bias (m®)

Figure 1: A sample of the single-qubit MRT measurement as a
function of the external qubit flux bias (black points) and the
result of an unweighted fit to a two-level single-qubit model
(red line). The extracted fit parameters include the tunneling
amplitude A/h, width W, temperature T and coupling pa-
rameter 7. The cut-off frequency w; is fixed to 8 x 108 GHz.
Uncertainties in the fit parameters are standard deviations of
10 boot-strap iterations.

at degeneracy (indicated by A). Assuming that the tun-
neling energy is small (A < W), we used Eq. 1 to
fit our MRT measurement results and extracted noise-
dependent parameters including the width W and cou-
pling parameter 7, and other parameters including the
tunneling amplitude A/h and temperature T. A sample
of one-qubit MRT measurements and the fit results are
shown in Fig. 1.

We performed a series of single- and multi-qubit MRT
measurements [1, 2] on devices within D-Wave 2000Q
processors that were manufactured using both the cur-
rent baseline fabrication stack and two lower noise fab-
rication stacks. Using the single-qubit model of Eq. 1
as the fit function, we compared the extracted values
for the width of the tunneling-rate profile W (induced
by the mid-band noise) and coupling parameter # (in-
duced by the broad-band noise) between the three pro-
cessors. For simplicity, in our figures we will refer to
these processors based on the labels shown in Table 1.

Fabrication stack | Description

FAB1 baseline 2000Q stack
FAB2-INT interim lower-noise stack
FAB2 lower-noise stack

Table 1: Labels and description for the three fabrication stacks
studied.

Copyright © D-Wave Systems Inc.
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Figure 2: Single qubit MRT measurement results for the FAB1
processor (labeled in red) compared to the FAB2-INT proces-
sor (labeled in blue) and FAB2 processor (labeled in green)
for similar tunneling amplitudes (obtained from fit) within
the range of (a) A/h = 6.5 to 7.0 MHz and (b) A/h = 1.5 to
1.6 MHz. Two lobes represent the two possible initial states of
the qubit (I'p_,1 and I'1_,p).

2 Mid-Band Noise Assessment

Single-Qubit Tunneling Rate Measurements: We be-
gan by performing a series of single-qubit MRT experi-
ments for various tunneling energies A for all three pro-
cessors. Due to bandwidth limitations and in order to
avoid extremely long measurement times, we focused
on evolution times between 10° to 10% us. This placed
a limit of T a2 0.002 to 0.1 us~! on the dynamic range
of our rate measurements and subsequently a limit of
A/h = 0.1 to 50 MHz on the tunneling amplitude,
which satisfies the small A condition assumed in our
analysis model. The complete set of measurements for
each processor was performed for one qubit located in
the middle of the processor. We verified that we were
able to obtain similar results on a subset of those mea-
surements performed on qubits located at random loca-
tions across each processor. All the measurements were
performed with the dilution refrigerator mixing cham-
ber at Ty;xc = 12.5 mK.

Figure 2 shows two samples of single-qubit MRT mea-

surements for similar tunneling amplitudes (extracted
from fits) within the range of A/h = 6.5 to 7.0 MHz
(Fig. 2 (a)) and A/h =1.5 to 1.6 MHz (Fig. 2 (b)). The
increased tunneling rate, smaller width, and smaller
peak shift apparent in the single qubit MRT profiles of
the new processors (blue and green curves) indicate a
lower level of mid-band flux noise in these processors.
To get a quantitative estimate of the magnitudes of the
mid-band flux noise and broad-band ohmic noise, we
fit the measurement results to a single-qubit model of
Eq. 1 and extracted the noise-induced width broaden-
ing W and the coupling parameter 7.

Figure 3 (a) compares the extracted widths of single
qubit MRT profiles between the three processors for a
number of tunneling amplitudes within the range of
A/h = 0.5 to 20 MHz. The extracted widths W for each
processor remain unchanged within the A range of our
measurements. The average width of single-qubit MRT
profile of each processor is shown in Table 2. The un-
certainties denote the one-sigma spread in the values.
The FAB2 processor has the lowest average width, fol-
lowed by the FAB2-INT processor which are, respec-
tively, 4.3x and 3.1x smaller than the average width
for the FAB1 processor.

Fabrication stack | Width [pu¢y]
FAB1 145 +2
FAB2-INT 46.8 +£0.9
FAB2 33.0+£0.6

Table 2: Mid-band noise induced widths extracted form fit-
ting single-qubit MRT measurements to Eq. 1.

Multi-Qubit Tunneling Rate Measurements: We also
measured MRT of two-, three- and four-qubit clusters.
The qubits are coupled in a linear configuration with
an effective mutual inductance of M = —4 pH be-
tween pairs of qubits. To analyze the multi-qubit MRT
data, we still used the two-level single-qubit model of
the tunneling-rate function (Eq. 1) as the fit function.

Figure 3 (b) compares the average values of the width
W between the three processors as a function of the
number of qubits N. The ratio of widths between differ-
ent processors is approximately constant as the number
of qubits grows and the results scale as v/N for each.
This observation provides evidence that the noise am-
plitude within a cluster of strongly coupled qubits is
the incoherent sum of the noise in the individual qubits,

Copyright © D-Wave Systems Inc.
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Figure 3: Mid-band noise assessment: (a) comparison of the
mid-band noise-induced widths W, obtained from fits to
Eq. 1, for a series of single-qubit MRT measurements within
the tunneling amplitude range of A/h = 0.5 to 20 MHz. Error
bars are smaller than data markers. Compared to the average
width of W = 145(2) u¢y for the FAB1 processor (red), the
average width of the MRT profile for the FAB2 (green) is 4.3 x
smaller and for the FAB2-INT (blue) is 3.1 x smaller. (b) The
average width of the MRT profile (extracted from fit to a se-
ries of multi-qubit MRT measurements at similar tunneling
amplitude ranges as before) as a function of the number of
qubits N for FAB1 (red), FAB2-INT (blue) and FAB2 (green)
processor. The dotted lines indicate N Wiy

as concluded in [2].

3 Broad-Band Noise
Assessment

Single-Qubit Tunneling Rate Measurements: To as-
sess the broad-band noise, we compared the extracted
values of the coupling parameter 1 between the three
processors (see Fig. 4). The average value of the sin-
gle qubit broad-band coupling parameter 7 for each
processor is shown in Table 3. The uncertainties de-
note the one-sigma spread in the values. Similar to the
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Figure 4: Broad-band noise assessment: comparison of the
high-frequency noise coupling parameter #, obtained from
fit, for a series of single-qubit MRT measurements within the
tunneling amplitude range of A/h = 0.1 to 20 MHz. The
broad-band noise coupling parameters of the FAB2 processor
(green) and the FAB2-INT processor (blue) are, respectively,
3x and 2x smaller than the average value of § = 0.047(4)
obtained for the FAB1 processor (red).

mid-band noise assessment results, the FAB2 processor
has the lowest average broad-band noise coupling, fol-
lowed by the FAB2-INT processor, which are, respec-
tively, 3x and 2 x smaller than the FAB1 processor.

Fabrication stack | Coupling-parameter
FAB1 0.047 4 0.004
FAB2-INT 0.024 +0.003
FAB2 0.016 4 0.002

Table 3: Broad-band coupling parameter extracted form fit-
ting single-qubit MRT measurements to Eq. 1.

4 Tunneling-Rate Assessment

The single-qubit model of Eq. 1 predicts the effect of
the mid-band and broad-band noise on the maximum
tunneling rate as [3]:

kgT
(%56 )W.A2

o 6)

Iijax
Due to the Gaussian characteristic of the mid-band
noise, 'y is proportional to the inverse of the mid-
band noise induced width W. In the limit of small cou-
pling parameters (7 < O(1072)), the prefactor (7;1]2,3?)’7
approaches 1 and only the mid-band noise contributes

to the tunneling-rate peak. However, for the obtained

Copyright © D-Wave Systems Inc.
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Figure 5: Comparison of the single-qubit maximum tunnel-
ing rate I'y;0x between FABL1 (red), FAB2-INT (blue) and FAB2
(green) processor vs. the inverse of tunneling amplitude A/h.
The dotted lines represent the linear fit to one-qubit measure-
ments.

range of the broad-band coupling parameters in our
processors, both mid-band and broad-band noise are
expected to contribute.

Figure 5 compares the maximum tunneling rate Iy,
of a single qubit between three processors as a function
of the inverse of tunneling amplitude k/A (obtained
from a fit). To estimate the enhancement in the tun-
neling performance of the newly developed processors,
we compared the offset values of linear fits to log I';ax
vs. log(h/A). The slope and offset values of the fit to
single-qubit MRT measurements of each processor are
shown in Table 4.

Fabrication stack | Slope (A) Offset (B)

FAB1 —2.04+014 | —84+04
FAB2-INT —2.03+0.16 | —=7.0+0.3
FAB2 —2.00+0.13 | —64+0.3

Table 4: Slope (A) and offset (B) of a linear fit log Ty =
Alog(h/A) + B to one-qubit MRT measurement results. The
maximum tunneling-rate ratio between processors at any
given tunneling-energy A was obtained by comparing the ex-
ponential of offsets (€B).

The maximum tunneling rate at a given tunneling en-
ergy for a single qubit in the FAB2 processor is 7.4 x
and in the FAB2-INT processor is 4x larger than the
FAB1 processor. The enhanced tunneling rates of the
newly developed processors are achieved as a result of
a reduction in both mid-band and broad-band noise as

predicted.

5 Conclusion

In conclusion, we used MRT experimental measure-
ments to compare the mid-band and broad-band noise
for two of our newly-developed processors in the
lower-noise D-Wave 2000Q fabrication stack to a cur-
rent one in the baseline D-Wave 2000Q fabrication
stack. We showed up to a 3x reduction in broad-band
noise and 4.3x reduction in mid-band noise, which
translate to 7.4x enhancement in tunneling rates. We
also showed that in all three tested processors, the cou-
pling of the mid-band noise to each qubit is uncorre-
lated to the other qubits in that processor.
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