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Scientists at IBM have demonstrated a more general randomized benchmarking system by including an 
additional two-qubit primitive: the controlled-S phase (CS) gate.  In their paper, “Experimental 
implementation of non-Clifford interleaved randomized benchmarking with a controlled-S gate,” [1] 
Shelly Garion of the IBM Research Haifa, Israel and Naoki Kanazawa of IBM Research Tokyo, Japan present 
a demonstration of a low-error non-Clifford CS gate.  The CS is similar to a CZ in that it is a two-qubit gate 
that conditionally performs a phase rotation on a target qubit based on the state of a control qubit; 
however, the phase imparted is 𝜋/2 in the CS, whereas in the CZ it is 𝜋.  Figure 1a shows the microwave 
pulse sequence used to perform the CS where the two-qubit interaction is accomplished via two cross-
resonance (CR) pulses [2]. This non-Clifford two-qubit entangling gate is universal when combined with 
the Clifford group [3].  They incorporated the CS gate into their circuit construction and performed non-
Clifford CNOT-Dihedral interleaved randomized benchmarking (RB) to measure the gate error at 
5.9(7) × 10-. for the CS with a gate time of 263 ns.  Figure 1b shows that the CS gate error rates 
measured with both interleaved RB and quantum process tomography (QPT) approach the coherence 
limit. 

Figure 1 – Results from S. Garion, N. Kanazawa, et al. [1]. a) Pulse sequence used to accomplish the controlled-S (CS) 
gate, including cross-resonance (CR) pulses, driven X and Y single-qubit rotations, and virtual Z (VZ) rotations 
accomplished by adjusting the phase of the microwave pulses.  b) Average gate errors as a function of the flat-top 
width of the cross-resonance CR pulse used to perform the two-qubit gate.  The total time to perform the CS gate is 
shown on the top axis.  Blue circles and red triangles represent the average errors determined by interleaved 
randomized benchmarking (RB) and quantum process tomography (QPT), respectively.  The green dotted line shows 
the theoretical lower bound on the error set by the relaxation times 𝑇0 = 59.6 ± 15.6	𝜇𝑠 and 77.1 ± 7.3	𝜇𝑠 and 
coherence times  𝑇8 = 92.5 ± 22.1	𝜇𝑠 and 69.1 ± 4.8	𝜇𝑠 for the control and target qubits, respectively.  The shaded 
region represents the coherence limit accounting for a 1𝜎 variance in the relaxation and coherence times.  

This is an impressive result, made more so by the fact that it was accomplished by scientists who were not 
even on the same continent as the qubit itself.  The experiment was performed through a remote Python 
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interface on one of the quantum processors available through the IBM Quantum Experience platform.  
Customized control pulses were constructed using the open-source Qiskit Pulse framework by Kanazawa-
san, and the calibration and refinement of the CS gate were accomplished without significant intervention 
during the experiment from lab personnel at IBM’s T.J. Watson Research Center in Yorktown Heights, NY, 
USA where IBM’s quantum computing systems are maintained.  When asked if this paves the way for the 
development of new gates and calibration techniques by the community at large on IBM’s cloud-based 
quantum processors, Kanazawa-san said, “True… everything was done remotely with Qiskit.  Everyone in 
the community can reproduce our work.”   

As of July 2020, IBM launched the IBM Quantum Researchers Program that provides free priority access 
to their 5-qubit systems.  Applicants must have published at least one paper in the field of quantum 
information science to be considered for access.  However, the deeper access that would be necessary to 
develop customized microwave pulses, like the CS, is only available to paying customers.  IBM’s Sebastian 
Hassinger says on their official blog that one may apply for “special grants to perform projects for periods 
of time sufficient to complete experiments and publish papers” [4].  Access to IBM’s premium processors 
is also becoming more attainable as third-party companies like Cambridge Quantum Computing are 
beginning to broker short-term (i.e. 6 months) access to the IBM Q Network [5].  As access to high-
coherence qubits spreads to the community, further advances in the calibration and optimization of 
superconducting qubits are surely on the horizon. 
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