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ABSTRACT In this article, we present the experimental characterization of crosstalk in quantum infor-

mation processor using idle tomography and simultaneous randomized benchmarking. We quantify both

“quantum” and “classical” crosstalk in the device and analyze quantum circuits considering crosstalk. We

show that simulation considering only gate-error deviates from experimental results up to 27%, whereas

simulation considering both gate error and crosstalk match the experiments more accurately with an average

mismatch as low as 4.52%. This article enables simulation of quantum circuits with experimental crosstalk

error rates.

INDEX TERMS Crosstalk, idle tomography, simultaneous randomized benchmarking, zz-interaction.

I. INTRODUCTION

The Noisy Intermediate-Scale Quantum (NISQ) [1] comput-

ers are prone to gate error, readout error, decoherence, and

crosstalk. Crosstalk is de�ned as the violation of “locality”

and “independence” of (gate) operations [2]. Ideally, a gate

should only affect the outcome of the qubit being operated.

However, due to crosstalk, an operation on target qubit(s)

may impact the non-target qubit(s). Several protocols have

been presented in [2]–[11] to detect and benchmark crosstalk

in QuantumComputers (QC). However, use-case of crosstalk

in noisy quantum circuit simulation is not well explored with

experimental error rates similar to gate errors. In this article,

we demonstrate that consideration for crosstalk can lead to

more accurate simulations of noisy quantum circuits. This

can enable investigation of better noise resilience and circuit

optimization techniques which take crosstalk into account

(e.g., [12]) instead of prioritizing only gate errors. Besides,

this article shows bene�ts of protocols like Simultaneous

Randomized Benchmarking (SRB) [4] and Idle Tomogra-

phy (IDT) [3], which quanti�es crosstalk in terms of error

rates similar to gate error rates, in simulating noisy quantum

circuits.

Contributions: We, (i) employ two different experimen-

tal crosstalk characterization protocols, namely SRB and

IDT, to extract crosstalk error rates in a QC (ibmq_essex);

(ii) develop crosstalk model with extracted error rates;

and (iii) simulate various quantum circuits/benchmarks

with crosstalk error to demonstrate advantage of including

crosstalk in noisy quantum circuit simulations.

II. CROSSTALK IN NISQ DEVICES

In this section, we discuss physical reasons behind the pres-

ence of crosstalk in NISQ devices.

A. QUANTUM CROSSTALK

Ideally, qubits are two-level systems. However, Transmon

qubits have low anharmonicity which introduces higher-level

states. The presence of higher-level states outside the com-

putational |0〉 and |1〉 creates an always-on-ZZ interaction

between two coupled qubits even-if they are not driven.

In [15], the authors analytically show that the effective sys-

tem Hamiltonian in the presence of higher levels is given by

He f f = ωA
ZI

2
+ ωB

IZ

2
+ ξ

ZZ

2
(1)

where the coef�cient of the ZZ term ξ is given by

ξ = −
J2(δA + δB)

(� + δA)(δB − �)
. (2)
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FIG. 1. (a) Coupling graph of 5-qubit ibmq_essex, (b) circuit construction for IDT experiments. IDT sequence list is generated using pyGSTi [13], [14],
(c) equations for simulating various types of noise, (d) parameters used in the SRB experiments in this article, and (e) equation of total variation
distance (TVD).

Here, J is exchange coupling strength between two qubits,

δA/B are the anharmonicities of qubits A and B, respectively,

and � is the frequency detuning (difference) of two cou-

pled qubits. Fixed-frequency Transmons coupled to nearest

neighbor have a static and nonzero value of J. Moreover, the

strength of the cross-resonance drive (used to realize CNOT

gate) is proportional to J [15], [16]. Thus, the nonzero J re-

sults in an always-on-ZZ interaction whether static or driven

during cross-resonance gate. This always-on-ZZ-interaction

gives rise to quantum crosstalk.

Due to the ZZ-interaction, the rotation rate of one qubit

depends on the state of the other qubit, i.e., the rotation rate

depends on another qubit being |0〉 or |1〉. For device level or

physical simulation, the strength of the ZZ-interaction (ξ )

can be measured using Ramsey experiment. However, for

noisy quantum circuit simulation, the effect of ZZ-interaction

in terms of “error rate” can be more appropriate.

B. CLASSICAL CROSSTALK

Classical crosstalk may stem from incorrect control of the

qubits. In [17], the authors presented multiple sources of

classical crosstalk that can be present in Transmon-based

quantum computers such as traditional electromagnetic (EM)

crosstalk between microwave lines, stray on-chip EM �elds,

etc. On a high-level, the signal intended to control one qubit

can disturb another independent qubit. For example, in [9]

the authors demonstrate one such case where control �elds

(magnetic �ux in this article) used to operate qubits have ef-

fect on un-addressed qubits. Physically, this can be modeled

as changes in drive amplitude and phase as shown in [10].

The authors show the Hamiltonian for Transmon k with clas-

sical (also termed as “local” in [10]) crosstalk is given by

Hk = ωkn̂+
αk

2
(n̂− 1)n̂

+
∑

j

β jk� j(t )cos(ω jt + φ j + θ jk )(â+ â†) (3)

The last term of (3) speci�es the impact of excitation/drive

applied on other qubits ( j, j �= k) on the qubit k. � j(t ) is the

time dependent drive amplitude applied on qubit j, and β jk is

the scaling factor for classical crosstalk that determines how

much drive on jth qubit perturbs the kth qubit. Similarly, θ jk
is the phase lag added to the kth qubit due to crosstalk from

drive on jth qubit.

III. CROSSTALK ERROR RATE EXTRACTION

A. IDLE TOMOGRAPHY

We run IDT circuits on a 5-qubit IBM QC (ibmq_essex).

Using pyGSTi [13], [14], we create IDT circuits. IDT circuits

prepare qubits in various initial states (Pauli eigenstate, e.g.

|+〉 state) and measure them in different Pauli bases (e.g.,

in X-basis). In between the state preparation and measure-

ment, variable number of IDLE gates are added in qubits [3].

We create two types of circuits, namely “no-drive” and with

“drive”. In no-drive case, IDT circuits created using pyGSTi

run on all 5-qubits. The drive circuits are of two-types.

i) Single-qubit drive: A single-qubit gate (Hadamard gate

in our experiments) is repeatedly applied on one qubit while

IDT circuits are run on the remaining four qubits [Fig. 1(b)].

For example, IDT circuits run on Q0, Q2, Q3, and Q4 while

Q1 is repeatedly driven by the Hadamard gate. We repeat this

routine for all �ve qubits in the QC.

ii) Two-qubit drive: Similar to the single-qubit case, the

CNOT gate is repeatedly applied on a pair of qubit while IDT

circuits are run on the remaining three qubits [Fig. 1(b)]. For

example, IDT circuits run on Q2, Q3, and Q4 while CNOT

gates are applied on Q0 and Q1 pair. There are four coupled

qubit pairs. We repeat this routine for all four of them. After

both “no-drive” and “drive” circuits are created, they are ex-

ecuted on ibmq_essex with 8192 shots each and the “count”

values are recorded. Note that, at the time of writing this ar-

ticle, public IBM devices allowed maximum 75 circuits (ex-

periments) at once. Therefore, the complete list of IDT cir-

cuits is split into batches of 75 circuits each and scheduled on

the ibmq_essex. Next, the count values from ibmq_essex are

converted to pyGSTi compatible “dataset” and processed us-

ing pyGSTi to extract crosstalk error rates. Idle Tomography

gives 3 types of crosstalk error rates, namely, Hamiltonian,

Stochastic, andAf�ne [3]. Hamiltonian errors are the rotation

(over/under) errors (in radian) along speci�c axis (e.g., X-

axis). Stochastic errors specify the probability of Pauli X, Y,

Z errors for single-qubit (or, XX, XY, XZ, YX, YY, YZ, ZX,

ZY, ZZ errors for 2-qubit case). Af�ne errors work as a modi-

�er for Stochastic errors. Finally, the extracted error rates are

fed to a crosstalk model to simulate circuits [Fig. 1(c)].

The Python codes with exact details of the IDT circuit con-

struction, execution on IBM machine, conversion to pyGSTi

dataset, and postprocessing of the experimental data to ex-

tract error rates are included in the GitHub repository [18].
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FIG. 2. H = Hamiltonian error and S = Stochastic error. w/ drive values are extracted from experiments with repeated CNOT drive on Q3 and Q4. (For
example, the value of 13 × 10−3 in Fig. 2(e) represents the error rate for X type error on Q0 and Z type error on Q1.). (a) H w/o drive. (b) H w/o drive. (c)
H w/o drive. (d) H w/o drive. (e) H w/ drive on (Q3, Q4). (f) H w/ drive on (Q3, Q4). (g) S w/ drive on (Q3, Q4). (h) S w/ drive on (Q3, Q4).

B. SIMULTANEOUS RANDOMIZED BENCHMARKING

Next, we extract gate error rates with crosstalk using Si-

multaneous Randomized Benchmarking (SRB) [4]. SRB

consists of applying RB sequences [19] to characterizemulti-

ple gate errors simultaneously. For example, CNOT(0, 1) and

CNOT(3, 4) can be characterized together by running 2-qubit

RB sequences on Qubit-0, 1 and Qubit-3, 4 simultaneously.

Due to the simultaneous operation, any crosstalk between

them will be re�ected in the error rates. The parameters used

in the SRB experiments in this article are listed in Fig. 1(d)

and Python codes with exact details are in the GitHub repos-

itory [18]. We collect gate error for two simultaneous CNOT

operations as well as isolated CNOT operations.

IV. RESULTS AND DISCUSSION

A. CROSSTALK RATES FROM IDLE TOMOGRAPHY

Fig. 2 shows weight–2 (acts on 2-qubit) Hamiltonian and

Stochastic errors for both drive and no-drive cases. In no-

drive case, we observe a higher ZZ-type Hamiltonian error

compared to other types [Fig. 2(a)–(d)]. This indicates quan-

tum crosstalk (Section II-A) which is due to always-on-ZZ-

interaction in Transmon qubits [15]. Thus, IDT can pick up

quantum crosstalk from residual ZZ-interactions. To further

validate, we run Ramsey experiments on four possible qubit

pairs. The results (Table I) show that pair (Q0, Q1) has the

highest ZZ-interaction which supports the result from IDT.

According to (2), the ZZ-interaction depends on exchange

coupling strength J, frequency detuning �, and anharmonic-

ity δA/B. Typically, J << |�| < |δ| [15], [20]. Detuning be-

tween Q0 and Q1 is higher (195.31MHz from device speci�-

cations in [21]) than Q1 and Q2 (30.68 MHz [21]). Thus, the

higher ZZ-interaction in (Q0, Q1) than (Q1, Q2) indicates the

TABLE I ZZ Interaction strength from Ramsey experiment

anharmonicities are playing a major role here in the quantum

crosstalk in this case.

Note that, no-drive experiments show negligible Stochas-

tic error and hence, are not plotted for brevity.

Next, we present IDT results with CNOT drive on (Q3,

Q4) [Fig. 2(e)–(h)]. The difference between no-drive and

drive results are indicative of classical crosstalk that impacts

nontarget qubits (Q0, Q1, and Q2 in this case) due to oper-

ation on target qubits (Q3 and Q4). Operation on (Q3, Q4)

introduces both Hamiltonian and Stochastic errors on the

remaining qubits Q0, Q1, and Q2. We skip the complete set

of error rates for brevity.

B. CROSSTALK RATES FROM SIMULTANEOUS

RANDOMIZED BENCHMARKING

The results for two simultaneous CNOT operations are plot-

ted in Fig. 3. Each bar represents the gate error rate for a

CNOT gate either with or without an accompanying CNOT.

The results show that in the presence of another CNOT

gate, the gate error rates increase. For example, the error

rate of CNOT(1,2) increases by 28.84% in the presence of

simultaneous CNOT(3,4). This can be explained with (3).

The increased error is due to spurious control �eld from the

VOLUME 1, 2020 3101406
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FIG. 3. CNOT gate error rates from SRB on ibmq_essex.

neighboring pair [last term in (3)]. Crosstalk from neighbor-

ing qubits modi�es the cross-resonance hamiltonian (CNOT

gate hamiltonian). Hamiltonian tomography [20] can be uti-

lized to estimate crosstalk parameters (β, θ ) and to perform

device-level simulations as in [22]. However, in this article

we are interested in error rates that can be ported to noisy

circuit simulators and hence, stick to SRB and IDT protocols.

Although, we experimentally collect SRB error rates for si-

multaneous 1-qubit gates and simultaneous 2- and 1-qubits

gates as well, they show a smaller amount of change in error

rates than two simultaneous 2-qubit gates. They are omitted

for brevity.

IDT and SRB have different sets of advantages and lim-

itations. On one hand, SRB can provide information about

parallel-context-dependence, i.e., the impact of one gate

(e.g., CNOT on Qa, Qb) on the error rate of another spe-

ci�c gate (e.g., CNOT on Qc, Qd). On the other hand, IDT

provides the error rate of IDLE operation. However, IDT

presents a more detailed nature of the error mechanism with

both error-types and rates whereas SRB averages out every

error as depolarizing (uniform Stochastic) error. Besides,

IDT can provide information about both quantum and clas-

sical crosstalks.

C. SIMULATION SETUP

1) BENCHMARKS

Next, we simulate 9 quantum benchmarks (circuits) consist-

ing of 3-qubit Fredkin gate (frdkn3), 3 and 4- qubit Grover

search (grvr3 and grvr4), 4-qubit Hidden-Shift algorithm

(hs4), 3 and 5-qubit quantum approximate optimization algo-

rithm (qaoa3 and qaoa5), and three 5-qubit synthetic bench-

marks (syn10, syn20, and syn30). The synthetic benchmarks

are created with 2 CNOT gates (on (Q0,Q1) and (Q3,Q4))

and 1 Hadamard gate (on Q2) in each layer. The layer is

repeated from 10, 20, and 30 times in syn10, syn20, and

syn30 respectively. The synthetic benchmarks are created to

maximize parallel gate operations and hence, crosstalk.

2) SIMULATION CONDITIONS

The benchmarks are simulated for four different conditions:

(1) with only crosstalk from IDT, (2) with only gate error,

(3) with gate errors from SRB (note: SRB error rates incor-

porate both gate error and crosstalk effect due to parallel gate

operation), and (4) with gate error and crosstalk (from IDT).

3) SIMULATORS

Cases (1) and (4) are simulated using the pyGSTi simula-

tor [13], [14]. To simulate (IDT) crosstalk (case – 1), we use

build_cloud_crosstalk_modelmethod of pyGSTi.

We specify the error rates as error dictionary in the crosstalk

model. Interested readers can refer to this [23] pyGSTi tuto-

rial to learn more about how to specify an error dictionary. A

sample dictionary is added in the GitHub repository [18] for

this article. The error dictionary is extracted from the re-

sults object from IDT experiments. The error dictionary

speci�es what are various error rates on spectator qubits due

to CNOT operation on a pair of qubits. For example, the

sample error dictionary �le in the GitHub repository [18]

contains error rates on Q2, Q3, and Q4 due to CNOT drive

on Q0 and Q1. A value of ’SZZ:3,4’: 0.0033 in the

dictionary means a Stochastic ZZ type error of rate 0.0033

on Q3 and Q4 from CNOT on Q0 and Q1.

To simulate crosstalk and gate error together (case – 4), we

add gate error as a depolarizing error to the aforementioned

error dictionary for crosstalk. For example, to account for

the gate error of CNOT (Q0, Q1), following Stochastic

Pauli error types are added to the dictionary: ’SIX:0,1,’

‘SIY:0,1,’SIZ:0,1,’SXI:0,1,’SYI:0,1,’

‘SZI:0,1,’SXX:0,1,’ ‘SXY:0,1,’SXZ:0,1,’

‘SYX:0,1,’SYY:0,1,’SYZ:0,1,’SZX:0,1,’

‘SZY:0,1,’SZZ:0,1’. The gate error rate is equally

divided among these types to mimic depolarizing error.

Cases (2) and (3) are simulated using QASM Simulator

from IBM Qiskit [24], [25]. The gate error is simulated

with depolarizing error. However, QASMSimulator does not

directly support conditional error rate simulation necessary

for simulating crosstalk with SRB error rates. To overcome

the limitation, we develop a wrapper that uses the QASM

Simulator as the backend. The wrapper

1) takes a noiseless quantum circuit;

2) tracks parallel operations in each layer of the circuit;

3) selects appropriate error rate(s);

4) adds depolarizing error operator after each gate to cre-

ate a noisy version of the circuit.

For example, if there is only one 2-qubit gate, e.g.,

CNOT(0, 1), in a layer, then the wrapper will pick 0.0214

as error rate and if there are two 2-qubit gates e.g., CNOT(0,

1) and CNOT(3, 4) in the layer, the wrapper will pick 0.0253

and 0.0296 respectively (Fig. 3).

4) COMPARISON METRIC

We take Total Variation Distance (TVD) [Fig. 1(e)] to quan-

tify the impact on errors on the outcome. TVD measures the

deviation of a noisy outcome from the ideal (higher TVD

indicates more impact).

3101406 VOLUME 1, 2020
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FIG. 4. Total variation distance for various benchmarks.

FIG. 5. Total variation distance for different mappings.

5) SIMULATION RESULTS AND DISCUSSION

Fig. 4 shows the simulated TVDs. We also plot experimental

TVDs of benchmarks collected from ibmq_essex. Readout

error is suppressed in experimental data using measurement

calibration protocols [24] for a fair comparison with simula-

tion. Besides, experimental results are averaged over 20 runs

each with 8192 shots.

Our simulation clearly shows that considering only the

gate error results in a high deviation from the experimental

result. The average mismatch between gate error simula-

tions and experiments is 26%. If we consider crosstalk (from

SRB), the mismatch is reduced to 12.48%meaning crosstalk

plays a signi�cant role in NISQ computers. Furthermore,

when we consider crosstalk errors (types and rates) from IDT

and gate error, the simulation shows the best match with the

experiment with an average mismatch of 4.52%.

Next, we extend our analysis to show the impact of dif-

ferent mappings [26]–[28] on crosstalk error. We choose

3-qubit grvr3 benchmark and allocate 3 circuit (logical)

qubits to physical qubits in 8 different ways known as maps.

We present the results from both simulations (for 4 cases as

before) and experiments. Here, gate error with IDT crosstalk

shows the best match with experiments (8.9% mismatch)

whereas the mismatch is 23.25% for SRB and 27% for gate

error.

The study proves that existing analysis considering (and

prioritizing) gate error is not suf�cient. Crosstalk needs to be

considered to devise better noise resilient techniques. More-

over, crosstalk characterization using techniques like IDT

gives more information about the error-types, and rates are

more practical than SRB which averages out various types

of errors as depolarizing error. In this article, we use IDT

to approximate crosstalk on different gates as crosstalk on

IDLE operation. Extending IDT to characterize crosstalk on

active gates other than IDLE may match the experiments

more closely. Thus, there are scopes to re�ne the crosstalk

characterization protocol(s) to better match the experiments.

V. CONCLUSION

In this article, we experimentally extract crosstalk error rates

from NISQ computers using IDT and SRB, and present

analysis with crosstalk. Our analysis shows that: (i) existing

works on error resilience prioritizing only the gate error can-

not capture NISQ behavior well and (ii) the IDT can model

crosstalk more accurately compared to SRB.
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