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Abstract

As the fidelity of single-qubit quantum logic gates approaches perfection, the focus of
quantum gate optimization has shifted to two-qubit operations. The fidelity of two-qubit
gates has become a critical issue. Due to the presence of ZZ interactions between qubits,
not only is the fidelity of single-qubit gates decreased, but the performance of two-qubit
gates is also significantly limited. To mitigate and control the mutual interactions between
qubits, quantum couplers have become an indispensable component. In this work, we
first investigate the properties of tunable quantum couplers. We then utilize the coupler
to construct and calibrate a Controlled-Z (CZ) gate, and evaluate its performance using

two-qubit randomized benchmarking to determine the fidelity of the CZ gate.
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Chapter 1

Introduction

In order to get high fidelity of two qubits gate, tunable couplers have been more pop-
ular in nowadays quantum interconnect hardware. Although they are tools to control the
interaction between qubits and they are designed not to be excited in two qubits operation,
knowing the properties of couplers still have some benefits. For one qubit there are three
supporting components like readout circuit, flux line and XY line. It costs hardware over-
head if coupler has all dedicated components like qubit, so coupler only has its flux line.
Then, precisely characterizing coupler becomes challenge without such components. One
method is that borrow the readout resonator from neighboring qubit. Since the weak cou-
pling strength between nearby resonator and coupler itself, the duration of readout pulse

should be rather long, causing decoherence.

There is a robust approach to characterize tunable couplers accurately based on adi-
abatic control, which also called adiabatic swap (aSWAP). This approach first swaps the
states between the coupler and the neighboring qubit adiabatically and utilizes the strong
coupling strength between qubit and resonator to readout the state of the coupler. Using

this method, basic properties of coupler such that frequency, T1 and T2 at arbitrary flux
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bias can be easily measured. Coupler frequency can help us to calculate the residual ZZ-
interaction between two qubits. And we also can estimate our two qubits gate coherence

limit with coupler decoherence time.

Two qubit gates, especially CZ gate, can be calibrated in real experiment using Z
gate of qubits. With a tunable coupler between two qubits, the ZZ-interaction between
two neighboring qubits can be adjusted by tuning the frequency of the coupler. It is ex-
pected that the ZZ-interaction is zero when performing single qubit operations and turns
on the strong interaction while doing two-qubit operations. One common way to check the
defect of CZ gate is randomized benchmarking (RB). Since RB averages quantum circuits
generated randomly and evaluates the gate fidelity by decay rate of gate error, it does not

need high readout fidelity.

In the first part of this thesis we introduce some theoretical concept for the operation
to two-qubit with one coupler. In the second part we demonstrate how to use adiabatic
swap in experiments to get coupler basic parameters and the experimental method of cal-
ibrating the CZ gate. In the forth part of this thesis we use randomized benchmarking to
examine the fidelity of our CZ gate. Finally, we conclude what we have done and discuss

possible improvements in the future.
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Chapter 2

Theoretical background

In this chapter, we introduce the concept of adiabatic swap and some operations to

two qubits with one tunable coupler.

2.1 Adiabatic Swap (aSWAP)

When the coupler frequency is far detuned from qubits, the hybridization between
the three elements can be ignored. As the frequency of the coupler is close to that of
qubits, their states strongly hybridize, and degeneracy occurs around the resonance, as
shown in Figure 2.1. According to the adiabatic theorem, when the coupler is tuned slowly
enough by its flux sweep, any eigenstate keeps in the instant eigenstate [1]. The “slowly
enough” is determined by the coupling strength between the qubit and the coupler. Take
the multiplicative inverse of coupling strength is the period of state exchange between two
elements when they are on resonance. Therefore, the length of tuning the coupler should
be longer than this period and we assume it to be adiabatic. So, if the coupler stays in

an excited state initially, when it goes through the degeneracy region by the flux sweep
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adiabatically, the states swap between the coupler and the qubit, as shown in Figure 2.1.

frequency

Coupler flux bias

Figure 2.1: Schematic diagram of two circumstances when coupler pass through qubit by
its magnetic flux. The dashed lines represent the bare energy levels of the coupler (red)
and the qubit (blue). Strong coupling between the coupler and the qubit that hybridizes
their states and causes degeneracy, leads to the spectrum of dressed state (solid line). The
filled and hollow circle indicate excited state and ground state. The green arrow indicates
the coupling strength between the qubit and the coupler. In the diagram we set coupler is
in excited state initially.

Using aSWAP has some advantages. One is pulse length robustness, as mentioned
before, if the frequency of the coupler is tuned ”’slowly” enough that can make the process
to be adiabatic, more slower of the tuning is allowed. Thus, this method is time-invariant.
This is opposite to another swapping method, iswap, which exchanges the states between
the coupler and the qubit depending on time. The other advantage is that the readout signal
is as clear as the qubit measurement before. Since the states exchange between the coupler
and the qubit and there is strong coupling between the qubit and the resonator, it looks no
difference when measuring the coupler.

4 doi:10.6342/NTU202501389
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2.2 Single qubit gate

The basic operations for single qubit in matrix form is

10 0 1
I= , X = :
0 1 10
0 —i 1 0
Y = 7 = : 2.1)
i 0 0 —1

each of which represents rotating 180 degree along the corresponding axis of the Bloch
Sphere. There are four more important operations that make |0) lies on the equator of the

Bloch Sphere, that is

/ 1 1 — / 1 1 -1
X/2=— Y /2 =— ,
V2 — 1 V2 1 1
1 1 1 1 1
-X/2=— , =Y /2 =— . 2.2
/ 75l / 7 (2.2)
1 -1 1
According to Eq 2.1, Z can be written in terms of X, Y,
10 01 0 —
Z = =—i = —iXY (2.3)
0 -1 10 1 0

. Thus, we can establish a Clifford group using {7, X, Y, X /2,Y /2, - X /2, =Y /2}. Clif-
ford gates are quantum logic gates that map Pauli operators (X, Y, Z) to other Pauli oper-
ators under conjugation. In other words, let C' be the Clifford group for single qubit and P

be the Pauli group associated with four Pauli matrix in Eq 2.1 with phases {+1, +i}, for

5 doi:10.6342/NTU202501389
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Single Qubit Cliffords

Paulis

i
X
Y

Y, X

7/2 rotations

X/2
—X/2
Y /2
~Y /2
—X/2,Y /2, X/2
~X/2,-Y/2,X/2

27 /3 rotations

X/2,Y /2
X/2,-Y /2
—X/2,-Y /2
—X/2,-Y /2
Y /2, X/2
Y /2, - X /2
Y /2,X/2
~Y/2,-X/2

Hardamard-like

X,Y/2
X,-Y/2
Y, X/2
Y, —X/2
X/2,Y/2,X/2
—X/2,Y/2,—X/2

Table 2.1: Single qubit Clifford group. These 24 Clifford gates can be divided into four
categories according to their appearence.

any unitary operation U that U € C'if UpU' € P for all p € P [2]. There are 24 Clifford

gates in Clifford group for single qubit and we can separate them into four categories, as

shown in table 2.1.

2.3 ZZ-interaction

In qubit-qubit (Q-Q) system, the static ZZ-interaction is defined as

¢ = w11 — W1 — Wip + Woo

6

(2.4)

doi:10.6342/NTU202501389
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where the w represents the eigenstate of the Q-Q system and the subscript indicates the
state of each qubit. In order to have the ability to adjust the ZZ-interaction in favor of the
two-qubit operations, the coupler is placed between two qubits. In this case, the Q-C-Q
system need to be considered now rather than the Q-Q system. The coupler is expected
to be the role that closes the ZZ-interaction when the single-qubit operations work and
opens the ZZ-interaction when it comes to two-qubit operations. The ZZ-interaction can
be eliminated if the detuning between two qubits is less than their anharmonicity, A =
lw1 — wa| € [, —ay] where w; and «; represent the frequency and the anharmonicity of

qubit i [3]. Under this condition, the ZZ-interaction can be calculated from

1 1
27V =242 { — } 2.5
2 Ap—ay Apta @3)

(2.6)

2 2 2
779 = 291291c92¢ { ]

—~ +
(A — o)A (App+a1)Ay Ay

2
727 = 243,95 ! - ! + 1 <i+i)
le2e A%(Alg — 062) A%(Alg + 051) Al + AQ — O Al AQ

2.7)

¢=272042722% + 770 (2.8)

where Ao, Ay, Ay represent the detuning between qubits or the qubit and the coupler,
912, 91¢, 9o are the coupling strength between qubits or the qubit and the coupler [4]. The

residual ZZ-interaction Eq 2.8 is the summation from Eq 2.5 to Eq 2.7.

7 doi:10.6342/NTU202501389
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2.4 CZ gate

One basic two-qubit gate is the Control-Z gate (CZ gate). The matrix form is ex-

pressed in
100 O
010 O
CZ = (2.9)
001 0
000 -1
in the basis of
1 0 0 0
0 1 0 0
|00) = ,]01) = ,]10) = ,11) = . (2.10)
0 0 1 0
0 0 0 1

The CZ gate operates on the four states in Eq 2.10 remaining the same except |11) with an
additional minus sign. The minus sign indicates that the phase has changed. This feature

is the most important but also difficult when constructing the CZ gate in real experiment.

From the above discussion, finding a way to let |[11) become —|11) in real experi-
ment is the key to establish the CZ gate. Considering the eigenfrequencies of the Q-Q
system, the neighboring states of |11) are |20) and |02) [5]. Since the eigenfrequency of
the transmon qubit is tunable, if |11) and |20) are on resonance, the eigenstate of the sys-
tem swaps between |11) and |20) along with the evolution time and the additional factor i
appears when the swapping completes once. So, |11) returns to itself but obtains a factor
-1, which is highly desired for the CZ gate. That is the concept of constructing the CZ

8 doi:10.6342/NTU202501389
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gate in real case.

2.5 Randomized Benchmarking

In this section, we introduce the Single-Qubit RB and Two-Qubit RB separately.

2.5.1 Single-Qubit Randomized Benchmarking

Below are the experimental steps of SQRB:
1. Prepare the qubit at the ground state initially.
2. Apply a sequence of m Clifford gates from Table 2.1 to the qubit.
3. Apply an additional (m+1)th gate which inverts the whole sequence. As we established
above , this inverse gate can be found in the Clifford group (Table 2.1).
4. Measure the probability of the resulting ground state.
5. Change the component of the sequence and repeat the step 2-4 k times.

6. Repeat for multiple lengths m to build up an exponential decay.

The fitting function of the SQRB is

Fseq:Ap;)}zf+B7 (211)

where A, B are some constants and p,. s is the decay constant obtained from the exponential

fitting. The error of per Clifford gate is

cd=2N, (2.12)

9 doi:10.6342/NTU202501389


http://dx.doi.org/10.6342/NTU202501389

=
o

Sequence Fidelity
o © o
~ (0 0] O

©
o

0 250 500 750 1000 1250 1500
m - Number of Cliffords

Figure 2.2: The schematic diagram of the result from SQRB. The inset shows that apply
m Clifford gates initially and then apply an inverse gate to make the qubit to the ground
state. By changing the number of Clifford gate in the sequence, the result is expected to
be an exponential decay relative to the population of the ground state.

where N is the number of the qubit. And the gate fidelity result from SQRB is
Fref = 1_Tref- (213)

Actually, there are 45 physical gates consisting of 24 Clifford gates for single qubit. Thus,

the average physical gate fidelity is

Tref
Fav =1- . 2.14
g 1.875 ( )

2.5.2 Two-Qubit Randomized Benchmarking

The two-qubit Clifford group contains four classes:
1. The single qubit class (Figure 2.3a)

10 doi:10.6342/NTU202501389
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2. The SWAP-like class (Figure 2.3b)
3. The iISWAP-like class (Figure 2.3c)

4. The CNOT-like class (Figure 2.3d)

(a) (b)

o= —a

— C1— — (4

(c) (d)
. Cl Sl — T Cl Sl .

— Ch S1— — Ci D51 —

Figure 2.3: The quantum circuit of the four classes in two-qubit Clifford group. (a) The
single qubit class. (b) The SWAP-like class. (c) The iISWAP-like class. (d) The CNOT-like
class.

From Figure 2.3, it is obvious that we need C'; group and S'1 group to help us construct
the two-qubit Clifford group. The C'; group indicates the single-qubit Clifford group as
shown before (Table 2.1). The S; group consists of the operators that rotate the Bloch

sphere to exchange all the axes. There are three members in S; group:

Single Qubit Cliffords

1
Sy Y/2,X/2
-X/2,-Y/2
Table 2.2: Three gates in S; group.

So, the single qubit class has 24> = 576 elements, the SWAP-like class consists of

11 doi:10.6342/NTU202501389
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24% = 576 elements, the iISWAP-like class has 242 x 32 = 5184 elements and the CNOT-
like class consists of 242 x 32 = 5184 elements. The total number of the Clifford gates in

two-qubit Clifford group is 11520 [6]!

There is another issue that needs to be taken into account. Although the two-qubit
gates in the middle of Figure 2.3b, Figure 2.3c, Figure 3.2 are not CZ gate, they can be

fabricated by the CZ gate and single qubit gates, as shown below:

N

I ——Y/QAI—Y/Q—

- —-Y/2 Y/2 Y/2—

:I: ——X/Ql—X/QLX/Q—
- -Y/2 Y/2

—x— ——Y/Qj Y/2 1—Y/2~LY/’2—

Figure 2.4: Rewrite the CNOT, iSWAP, SWAP gate in terms of CZ gate and single qubit
gates.

The experimental steps and the fitting fuction for TQRB are the same as SQRB.

The error of per two-qubit Clifford gate r¢, can be calculated from the error of per
single qubit Clifford gate r, and the error of the CZ gate. According to the discussion in
251, r¢, = 3—27’5@, the error resulting from the four classes of two-qubit Clifford group
can be listed separately.

The single qubit class:

90

ﬂTSQ (215)

rcieCy =
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The SWAP-like class:

35
rswap = 3rcz + LD

The iISWAP-like class:

113
TiSWAP = 2rcz + —=TsQ
12
The CNOT-like class:
89
roNor = Tcz + ETSQ-
So, the error of per two-qubit Clifford gate is
576 n 576 n 5184
TCy, = T T —=an
@7 11520 99T 11520 AT T 11520
3 n 33
=T —T50-
5z T TsQ

Tiswap +

(2.16)

(2.17)

(2.18)

TStanlCNOT

(2.19)

Eq 2.19 also indicates that per two-qubit Clifford gate contains 8.25 single gates and 1.5

CZ gates [7].
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Chapter 3

Experiment process

3.1 Experiment setup

Below are the two chips used in the following experiment. The design of these two
chips are the same. Both with five tunable qubits and four tunable couplers between the

neighboring qubits. Chip A is used in 3.2 for demonstrating the method to characterize

(b)

ﬂ
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Figure 3.1: (a) The full image of Chip A. (b) The full image of Chip B
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the coupler without dedicated resonator. We select the two qubits and one coupler on the
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right hand side for the following experiments. Chip B is used in 3.3 for constructing the
CZ gate and measuring the gate fidelity. We pick two qubits and one coupler in the middle
of the chip labeled as )1, ()2 and C' in the experiment of CZ gate calibration. The reason
that not using a chip for the coupler characterization and CZ gate construction is the qubits
in chip A are not tunable and it is impossible to construct the CZ gate. Therefore, we take

another chip to complete the experiments.

I- M_lalls

Figure 3.2: The enlarge image of Chips (a) We use )1-C-()5 system on the right hand side
for coupler characterization. (b) The )1-C-(); system is used to calibrate the CZ gate.

3.2 Coupler Characterization with aSWAP

According to the above discussion, it is obvious that finding the anti-crossing point

of the qubit and the coupler is important for the aSSWAP method.

3.2.1 Qubit characterization and Anti-crossing point identification

Before studying the coupler, the basic thing to do is identifying the frequency of
the qubit. We first recognize the frequency of the () via two-tone measurement, the
experiment pulse sequence is shown in Figure 3.3a. We give a long driving pulse varying
the driving frequency through the XY line to ()2. When driving frequency is equal to the
resonant frequency of (-, the readout signal emerges a peak at 4.749 GHz in the spectrum
(Figure 3.3c, then we obtain the frequency of (), is now 4.749 GHz. Since the frequency
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of qubit is tunable by its magnetic flux and it is expected to be maximum in our following
experiments, we execute the flux two-tone measurement to check whether ()5 is at its
sweet spot (Figure 3.3b). Different from the two-tone measurement, we give a long flux
bias to ()» with driving pulse simultaneously. So the result should exhibit the frequency
of (), at arbitrary flux bias. From Figure 3.3d we can observe that the frequency of ()
is non-tunable by magnetic flux. Although in transmon qubit design the spectrum should
be hyperbola rather than a straight line, this feature still gives the advantage that we can

neglect the flux crosstalk resulting from the neighboring coupler.
(a) (b)
—— flux ~—— XY —— Readout — flux  —— XY —— Readout

Q1 Q1

© AR ARAD “IAAAN L ARAAR
VWUV Uiy e WV VY

< > < > <

10 ps 400 ns 10 us 400 ns

(c) (d)

le-5 Two-tone measurement Flux two-tone measurement

coupler

=== qubit freq=4.749GHz

Amplitude [V]
XY frequency [MHz]

L

4500 4600 4700 4800 4900 5000 -0.4 -0.2 0.0 0.2 0.4
XY frequency [MHz] Qubit flux bias [V]

Figure 3.3: (a) The pulse sequence of the two-tone measurement. (b) The pulse sequence
of the flux two-tone measurement. (c) The result of the two-tone measurement. (d) The
result of the flux two-tone measurement. The red color means (), stays in ground state,
blue means () is excited by driving pulse pumping with specific frequency.

After identifying the frequency of (), the next step is confirming the anti-crossing
point of (); and the coupler. So we execute another flux two-tone measurement. But this
time we apply magnetic flux to the coupler instead of () (Figure 3.4a). Thus, the fre-
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quency of the coupler can be tuned down to approach (),. The result spectrum is expected

to be the same as the solid line in Figure 2.1. From Figure 3.4b we know that the coupler

(a) (b)
—— flux  —— XY —— Readout
Flux two-tone measurement
=== qubit freq=4.749GHz
Q1 === flux bias=-0.188V

~N

Q2 z

z

g

]

z

L

pat

coupler =
« > o« >

10 us 400 ns

-0.40 -0.35 -0.30 -0.25 -0.20 -0.15
Coupler flux bias [V]

Figure 3.4: (a) The pulse sequence of the flux two-tone measurement. Driving a long
pulse in the XY line of ()> and a magnetic square wave in the Z line of the coupler si-
multaneously. Altering the amplitude of the magnetic wave and the pumping frequency
of the driving pulse as parameters, this measurement is expected to tell a certain bias that
coupler collides with (), at. (b) The x-axis is the flux bias of the coupler, the y-axis is
the pumping frequency in driving pulse. It is obvious that coupler collides with qubit at
-0.188 V. The coupling strength is 50 MHz which means the period of the state exchange

is 20 ns.

hits ()5 at -0.188 V and the adiabatic swap process should be longer than 20 ns. At this
stage, we realize the frequency of (), and obtain a certain flux bias that is important in

aSWAP technique.

3.2.2 Coupler characterization with aSWAP

The states between the coupler and (), swap adiabatically only when the process of
tuning the coupler is adiabatic and covers the whole anti-crossing point. In addition, the
maximum frequency of the coupler is higher than that of the resonator. In order to avoid
state exchange between the resonator and the coupler, the coupler should be tuned rapidly
through the resonator region. Therefore, the aSWAP pulse is set to be in the shape of

trapezoid. The coupler is on resonance with the resonator at -0.24 V bias (Figure 3.5b).
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coupler | |
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=0.45 -0.44 -0.43 —0.42 -0.41 -0.40
Coupler flux bias [V]

Figure 3.5: (a) The aSWAP pulse shape. (b) The result of flux dependent resonator with
coupler’s flux. The breakpoint means the coupler is on resonance with the resonator. There
is one breakpoint at -0.24 V bias of the coupler. (c) The pulse sequence of the flux two-tone
measurement adding the aSWAP pulse. (d)The result of the flux two-tone measurement
for the coupler. The red color means the coupler stays in ground state, the blue represents
the coupler is excited. The parabola of the coupler’s frequency corresponding to its flux
bias.

Therefore, the aSWAP pulse starting from -0.23 V to -0.1 V, step over 0.13 V in 100 ns
(Figure 3.5a). Then, placing the aSWAP pulse before readout in any experiment which
we did on qubits can let us measure the coupler like the qubit as usual. The flux two-tone
measurement is taken as an example. Similarly to the pulse sequence in Figure 3.4a, but
now the driving pulse in the XY line of (), is used to excite the coupler, and the only change
is to add a trapezoid-shaped pulse to the Z line of the coupler before readout, as shown
in Figure 3.5¢. From the result (Figure 3.5d) there is a blue parabola difference from the
red background. This indicates that we can see the coupler spectrum corresponding to its

magnetic flux bias successfully using the aSWAP technique.
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In order to know the frequency of the coupler far from the sweet spot, we sweep the

pumping frequency of the driving pulse from 4.5 to 6.9 GHz and expand the bias to 0.4

coupler spectrum

6500

6000

freq (MHz)

5500

5000

4500
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

guantized flux

Figure 3.6: The extensive coupler spectrum corresponding to magnetic flux. The x-axis
is transferred into the unit of quantized flux, the y-axis is driving frequency from 4.5 to
6.9 GHz. The white dots represent the coupler in excited state. In other words, the white
dot at each bias denotes the corresponding frequency of the coupler.

quantized flux. The large spectrum of the coupler is shown in Figure 3.6. The parabola
consists of the white dots that differ from the red background. There are some breakpoints
along the white curve in the spectrum. There are two at 6.113 and 6.015 GHz representing
the resonators next to the coupler. The other one at 4.749 GHz indicates that (), beside the
coupler, which is consistent with Figure 3.4b. Then, the power rabi and T1 measurement

can be accomplished using the same method.

The power rabi measurement aims to calibrate an accurate 7 pulse by adjusting the
amplitude of the XY pulse. The 7 pulse also called the R, (7) gate, which can transfer
|0) to |1) and |1) to |0). The measurement starts with |0) and apply a Gaussian drag
pulse pumping with the frequency of the coupler in the XY line of ;. Then we adjust the
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Figure 3.7: (a) The pulse sequence of the power rabi measurement of the coupler. (b) The
pulse sequence of the T1 measurement of the coupler. (c¢) The result of the power rabi
measurement. The power of the 7 pulse should be set to 0.1 V. (d) The result of the T1
measrement. Coupler’s T1 is around 8.2 ys.

amplitude of the Gaussian drag pulse to find a certain power that maximizes the population
of |1) (Figure 3.7a). If the coupler-Q)2 system stays in |0) @ |0) initially, the state remains
the same after aSSWAP. Nevertheless, if the system stays in |1) ® |0) initially, the state
becomes |0) ® |1) after aSSWAP. Thus, the state of the coupler can be easily recognized as
qubits. The result is shown in Figure 3.7¢. So the amplitude of the 7 pulse for the coupler

issetto 0.1 V.

The T1 measurement aims to find the decay rate of the transition from |1) to |0).
First, apply a 7 pulse calibrated from the power rabi measurement. Then, alter the length
of evolution time (Figure 3.7b. Identical to the case in the power rabi measurement, the

state of the coupler can swap to ()2 and read the population of |1) of the coupler via @,
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resonator. The fitting model is assumed to be an exponential decay.

ae M 4 B

3.1)

«, 3 are some constants and t is the evolution time after 7 pulse. The result in Figure 3.7d

reveals that 77 is around 8.2 us.

(a)
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coupler
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Figure 3.8: (a) The pulse sequence of the single shot measurement for (5. The dash line
means prepare ground and excite separately. (b) The pulse sequence of the single shot
measurement for the coupler. The dash line means prepare ground and excite separately.
(c) The state distrubution of (). The resulting readout fidelity is 83.7%. (d) The state
distrubution of the coupler. The outcome readout fidelity is 83.4%, very close to the ()’s.

Although the rabi experiment can calibrate the 7 pulse correctly, there is one way to

examine it. Since (), and the coupler share a resonator, the readout fidelity of the coupler

should be measured roughly the same as (J5. Therefore, we perform another experiment

called single shot measurement to discriminate the state of (), and the coupler. Prepare

ground and excited state separately and then measure the state, count the population stay-
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ing in ground or excited to calculate the readout fidelity of (), and the coupler. The final
result shows that the readout fidelity of the coupler is close to that of ()5 (Figure 3.8).
Thus, it actually convinces us that the 7 pulse is calibrated correctly and that the T1, T2

measurement of the coupler that uses the 7 pulse is reliable.

3.3 CZ gate calibration

In the beginning, we characterize two qubits and one coupler in Q-C-Q systems. The

parameters of the qubits and the coupler are listed in Table 3.1. The characterization of

Ql Q2 C
qubit frequency (GHz) | 4.918 | 4.715 | 8.028
anharmonicity (MHz) | -206 | -204 | -152
T1 (us) 6.2 9.3 5.7
T2 ps) 4.9 4.1 3.4
Table 3.1: Basic parameters of the qubits and the coupler at their sweet spot.

the coupler uses the method mentioned in 3.2. The next step to do is tuning the coupler to

eliminate the ZZ-interaction between ()7 and (2.

3.3.1 ZZ-interaction minimization

Eq 2.4 tells that if wy; # w1 + wig, there exists ZZ-interaction between two qubits.
So, we can design the following experiment. Applying 7 pulse (X gate)and 7/2 pulse
(X/2) on @1 and @), simultaneously, the state becomes |1) ® \/%(|O> —i|1)). If the ZZ-
interaction exists, wp; shifts a little because of wyy, ()2 will rotate along the equator of the
Bloch Sphere. The accumulated phase is exactly the frequency shift times the evolution
time. Thus, we can obtain the ZZ-interaction by measuring the accumulated phase in

real experiment and taking the derivative of the evolution time [£]. In addition, we can
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add another parameter to the experiment. Altering the flux bias of the coupler during the
evolution time gives the information of the ZZ-interaction at different coupler’s frequency.
Finally, apply another 7/2 pulse before readout to project the Bloch vector onto the z-axis
of the Bloch Sphere since we can only measure the computational state. The complete

pulse sequence is depicted in Figure 3.9a. The above plot in Figure 3.9b is the experimental

(a) (b)
— flux — XY Readout ZZ-interaction measurement
a1 X E 4000
I E 2000

o

Q2 X/2 X/2

coupler | |

-
Evolution time

ZZ-interaction [MHz]

wo BN W&

0 525 550 575 600 625 650 675  7.00
Coupler frequency [GHz]

Figure 3.9: The ZZ-interaction measurement. (a) The pulse sequence. Apply X gate on
(1 and X/2 on (). If there is ZZ-interaction between two qubits, (), will rotate along
the equator of the Bloch Sphere during evolution time. The second X/2 on ()5 is used to
project the position on the equator to z-axis of the Bloch Sphere since we can only measure
the computational state of qubits. (b) The above figure illustrates that ()5 oscillate with
different rate according to coupler’s frequency. When the coupler is far detuned from the
qubits, the ZZ-interaction increases slowly. On the contrary, when the coupler approaches
closely to the qubits, the ZZ-interaction grows up instantly. The below figure is the fitting
result of ZZ-interaction according to above figure. The blue line indicates the experimental
data and the red represents the simulation result estimated by 2.8.

result and the bottom is the fitting result of the ZZ-interaction. The x-axis is transferred
from flux bias to the corresponding frequency of the coupler. The red color in above
figure means the ground state and the blue means the excited state. There are some slow
oscillations on the right side of the figure and some fast oscillations on the left side. In
the middle there exists a region which does not oscillate like others. The below figure is
the fitting result according to the above figure. The ZZ-interaction in the region without
oscillation corresponding to the above figure cannot be measured. The reason is that the

T2 of the ()5 is below 5us, which also means we can only measure the oscillation with
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frequency over 200 KHz .So, we have to utilize Eq 2.5 to 2.8 to simulate the residual

Z7Z-interaction beyond the limitation of the T2 of the qubit.

3.3.2 CZ gate construction

We construct the CZ gate with two magnetic square wave simultaneously (Figure
3.10). One is applied in the Z line of ()5 in order to occur the state exchange between
|11) and |20). The other is applied in the Z line of the coupler so as to increase the ZZ-

interaction and accelerate the rate of the state exchange.

Q27 I
Parameter
-

Couper Z

Parameter

-+

100 ns

Figure 3.10: The concept of the CZ gate in the experiment. Our CZ gate consists of two
short magnetic square waves. One applies on (), for |11) and 20) exchange, the other
applies on the coupler to adjust the exchanging rate. We fix the wave length so that there
are two parameters in our CZ gate that can be adjusted.

There are two flags for us to determine whether the CZ gate we constructed is good
enough.
1. The population of four computational states after CZ gate
2. The conditional phase difference
First of all, we fix the wave length of two square waves to 100 ns. Then, there are two
parameters, the amplitude of (); Z determines the completeness of the state exchange and
the amplitude of the coupler Z alters the speed of the state exchange. In order to find a
certain pair of these parameters, we prepare |11) and then apply two square wave in the
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Z line of (), and the coupler. Adjust the amplitude of two square waves and observe the
readout signal on Q)2 (Figure 3.11a). Since the state of ()2 swaps between |1) and |0), it is
easy to recognize the state whether is [11) or |20). The blue color in Figure 3.11b indicates
the excited state and the red represents the ground state. Since the |11) returned is the key
point, we need to focus on the blue region. The range of parameter adjustment reduces
according to Figure 3.11b and is convenient for the following experiments.

(a) (b)

— flux —— XY —— Readout CZ chavron

X = e
Ql l\ A 0.0375 -j— 5 H - == =
V V 0.0350
Q W ? ? ? T H 0.0325
‘%7 0.0275
coupler | |
0.0250

100 ns 0.0225

0.0300

coupler flux (V)

0.0200
—0.040 -0.035 -0.030 —0.025 -0.020 -0.015 -0.010 -0.005
qubit flux (V)

Figure 3.11: The CZ chavron experiment. (a) The pulse sequence. Apply X gate on (),
and (), to prepare |11) initially. Then insert two square waves after X gate and adjust the
amplitudes. Readout () since it swaps between |1) and |0). (b) The figure illustrates that
(22 swapping relative to the amplitude of square wave on the coupler. The horizontal axis
is the amplitude of magnetic square wave of (), and the vertical axis is that of the coupler.
The blue color indicates |11) and the red represents |20).

After picking up a pair of pararmeters based on Figure 3.11b, then perform a detailed
examination of the population in four computational states. The experimental concept is
that the population of four computational states remain unchanged through the CZ gate.
Thus, we also prepare |11) first, then follow with or without two magnetic square waves
fixed in 100 ns and decided amplitudes, readout ); and () in the end (Figure 3.12a).
There are four computational states for two qubits, so the result should present the popu-
lations in those computational states (Figure 3.12b). If the distribution of the population in
four states varies through the CZ gate, it is essential to choose another pair of parameters
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according to Figure 3.11b.

(a) (b)

—— flux —— XY —— Readout

S — T :::
v TV

state before CZ

Q2

population

coupler

100 ns 0.1

00 01 10 11
states

Figure 3.12: The population of |11) experiment. (a) The pulse sequence. Apply X gate on
()1 and Q) to prepare |11) initially. Following with or without the CZ gate. Readout both
(21 and (), simultaneously to discriminate the population of four computational states for
two-qubit. (b) The schematic result of the experiment. If the distribution of the population
of four computational states remains the same after CZ gate, the parameters is a good pair
for constructing CZ gate.

After completing the first flag, the next examination is to check the phase of the
returned |11). We prepare two states separately. Applying X /2 on @, gets % and
applying X on @1, X /2 on () obtains %. Then follow with two magnetic square
waves fixed in 100 ns and decided amplitudes. According to Eq 2.9 and 2.10, |00), |01)

and |10) remain themselves through the CZ gate, but |11) has another minus sign. If the

CZ gate is constructed successfully, those two states become ‘OOCQOD and |10>\’Z§|11> . After

projected on the computational basis of ()2 by another X /2, the phase difference of %

and % emerges and the value is 7. In order to present the phase difference clearly, we

give the second X /2 extra virtual rotational Z gate, R.(f), from 6 = 0 to § = 2x (Figure
3.13a). Then the result shows two sinusoidal curves with a phase difference of 7 (Figure
3.13b). If the phase difference measured far from 7, the amplitude of two square waves

should be adjusted again.

After conforming to two flags with certain parameters of two square waves, the CZ
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Figure 3.13: The conditional phase difference measurement. (a) The pulse sequence.
Apply X/2 on ), to prepare |0) ® % \/%\D initially. Insert the CZ gate. Apply virtual
rotational Z gate and X/2 to make the phase difference clearly. Repeat this experiment
again but with an X gate on (); so the state becomes |1) ® 1 fz‘l initially. The dash line
on X gate means this experiment need the comparison with or without the X gate on ();.
(b) The ideal case of the result. Since the CZ gate add an extra phase 7 on |11), it is
expected to observe the two curve with phase difference 7 from the result. The horizontal
axis is in the unit of 27.

(a) (b)

— flux  —— XY —— Readout — flux  —— XY —— Readout
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Figure 3.14: The pulse sequence of CZ phase compensation (a) on ()1 (b) on ()5.

gate is roughly established. Since the qubits and the couplers are tunable by magnetic
flux, the phase of the quantum state shifts when it feels some extra magnetic flux. For the
purpose of correcting this phenomenon, we should give a phase compensation after our CZ

gate. We apply X /2 to ), to prepare‘ "1 ®10). Then, passing through a CZ gate makes

_e—iln/2+0) 1)

|0)
the state become 7

® |0). The factor ¢ is the phase that needs to compensate.
The value can be obtained by applying X /2 and Y /2 after the CZ gate to project the x
axis and the y axis to the z axis (Figure 3.14a. We give a virtual rotational Z gate with

specific ¢ after the CZ gate to rotate the Bloch Sphere and align its axis with the state.
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Consequently, the state before the CZ gate remains the same relative to the Bloch Sphere
after the compensation. (), also requires compensation after the CZ gate. Therefore,
repeat the same experiment performed on (); to ()5 (Figure 3.14b. After receiving two

compensating values for each qubit, the CZ gate is successfully constructed.

3.4 Two-Qubit RB

The code of two-qubit randomized benchmarking is written by Quantum Machine.
Therefore, we just put the parameters of the CZ gate in the code. Finally, it is neces-
sary to determine the circuit depth m, k type of different circuits for each m and n shots
for each circuit. The code starts with baking two-qubit Cliffords from six single-qubit
gates {X,Y, X /2,Y /2, —X /2, —Y /2} and CZ gate calibrated manually. Then, randomly
choose the gates from the baking Cliffords to build some circuits according to the param-
eters {m,k} mentioned above. Finally, measure the state of two qubits simultaneously to
observe the population in |00) and plot the curve relative to different circuit depths m.

Fitting the curve with exponential decay obtains the value of two-qubit fidelity.
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Chapter 4

Experimental Result

We tune the frequency of the coupler to 6.22 GHz to turn off the ZZ-interaction be-

tween ()1 and Q2. From the simulation result, there still exists a 100 KHz ZZ-interaction

ZZ-interaction measurement

4000

2000

Evolutionary Time [ns]

Fitting result

ZZ-interaction [MHz]
[ %]
1

—— Experiment
—— Simulation
=== idling point

T T T
5.50 5.75 6.00 6.25

Coupler frequency [GHz]

Figure 4.1: We tune the coupler to 6.22 GHz (green dash line) to turn off the ZZ-interaction
between (), and ()2. Due to the limitation of T2 of ()s, the fitting result of ZZ-interaction
is messy in the region of 5.75 GHz to 6.25 GHz. From the simulation curve, there still
exists roughly 100 kHz ZZ-interaction between (), and Q5.
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between two qubits. The reason for not tuning downward is that the resonator’s frequency
is about 6.1 GHz so that the coupler is too close to the resonator. It will seriously decrease

the readout fidelity for two qubits and affect the discrimination to the state of qubits.

After finding an idling point for the coupler, we characterize the Q-C-Q system again.

The basic parameters of two qubits and one coupler are listed below:

Q1 Q2 C

qubit frequency (GHz) | 4.918 | 4.715 | 6.22

anharmonicity (MHz) | -206 | -204 | -152
T1 (us) 6.2 9.3 1.5
T2 ps) 4.9 4.1 0.7

Table 4.1: Basic parameters of the qubits and the coupler at idling point.

Then, we tune ()2 and the coupler for 100 ns simultaneously by different amplitudes of

magnetic flux. The resulting figure shows that the range (-0.025, 0.0) for ()5, (0.025, 0.03)
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—0.040-0.035-0.030-0.025-0.020-0.015-0.010-0.005
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Figure 4.2: CZ chavron relative to the amplitude of qubit’s and coupler’s magnetic flux.
The colorbar on the right side indicates that the blue area has more population in |11). The

(Q,C) pair we need locates in the range (-0.03-0.0, 0.025-0.03) since it is the first returning
|11) along the vertical axis.
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for the coupler are possible to achieve CZ gate since blue represents |11). After trying

few pairs of parameters, we find a suitable pair (-0.004, 0.028) whose population of four
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o o o o o
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o
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o
-

0.015

0.0 -
00

01

states

0.184

10

0.651

1

population

o
w

b
i

o
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o
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(b)

state after CZ

0.011
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states

0.689

0.167

10 1

Figure 4.3: The population of four computational states with the pair (-0.004, 0.028). (a)
before CZ gate. (b) After CZ gate. The populations of |11) are almost the same and the
population of other states not much difference comparing to the population before CZ gate.

Therefore, this pair is good enough for CZ gate construction.

0.00022

0.00020 -

0.00018 A

0.00016 A

0.00014 -

0.00012 A

0.00010 A

Phase difference: 0.991

control=0 raw data

control=0 fit result
control=1 raw data

control=1 fit result

0.4

0.6

0.8

Figure 4.4: The result of the phase difference with the pair (-0.004, 0.028). The fitting
result shows that the phase difference between control at 0 and control at 1 is almost a 7.

computational states remains almost the same after CZ gate and the conditional phase

difference reaches almost 7. In the last step of CZ gate construction, we obtain (), need to
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compensate 1.7 rad and (); need to compensate -3.07 rad. Finally, we put the parameters

2Q Randomized Benchmarking Fidelity

® ® Data
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0.7 - alpha=0.8704
0.6 ®
[
)
$ 05+ ¢
iT L ]
L ]
0.4 P
9
'Y
0.3 1 (]
o
0 2 4 6 8 10

Circuit Depth

Figure 4.5: The result of two-qubit randomized benchmarking. The fidelity of per two-
qubit Clifford gate is 90.283% from the exponential fitting.

(a) (b)

les Q1 SQRB 1e5 Q2 SQRB

Error rate: 1-p = 2.11e-02+-0.0035 Error re 1-p = 1.84e-02+-0.0021
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Figure 4.6: The result of single qubit randomized benchmarking. (a) The error per single
qubit gate for Q1, rsg, g, = 5.64 x 1073, (b) The error per single qubit gate for Q-,
TSQ, Qs = 4.9 %1073

of CZ gate above into the two-qubit randomized benchmarking measurement and set the
circuit depths from 1 to 10, for each circuit depth generates 10 types of sequence, for each
sequence measure 1000 shots. The fitting result shows that the fidelity of per two-qubit
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Clifford gate is 90.2%. According to Eq 2.19, the error of one CZ gate can be calculated
by the error of per two-qubit Clifford gate and single qubit gate. The single qubit gate
error rsg, @, = .64 x 1073, 750 g, = 4.9 x 1073, We take the average to represent the
error of single qubit gate so that 75 = 5.27 x 102, Then, the error per CZ gate can be
calculated through Eq 2.19, r¢z = 3.6 x 1072, The coherence limit for CZ gate [9, 10]
can be estimated by T1 and dephasing time of qubits. By measuring the T1 and dephasing
time when CZ gate is operating, the coherence limit for CZ gate r272% = 2.3 x 10~2. This
value can be compared with the experimental measured CZ gate error obtained above,

which is a little higher than the limit.
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Chapter 5

Conclusion

We demonstrate a full process of characterizing the coupler without dedicated res-
onator and calibrating the CZ gate with tunable coupler. Although the error of per CZ gate
resulting from TQRB is just a little higher than the coherence limit, there are more things
to do that can improve the fidelity. One is about the frequency of the coupler that turns
off the ZZ-interaction. According to the simulation result, it should be tuned downward to
around 6.1 GHz which really eliminates the ZZ-interaction between two qubits. But 6.1
GHz is too close to the resonator, then we should tune up the coupler to some place while
measuring the state of qubits. This method will sacrifice the readout fidelity but improve
the gate fidelity. The other point is that we use square wave to tune the frequency of the
qubits and the coupler up and down instantaneously. This process is non-adiabatic and
causes flux distortion of the qubits and the coupler. Therefore, modifying the edge of the

magnetic wave to be adiabatic is necessary in the future.
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