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Back in 1959…

…When we get to the very, very small world---say 

circuits of seven atoms---we have a lot of new things 

that would happen that represent completely new 

opportunities for design. Atoms on a small scale behave 

like nothing on a large scale, for they satisfy the laws of 

quantum mechanics. So, as we go down and fiddle 

around with the atoms down there, we are working with 

different laws, and we can expect to do different things. 

We can manufacture in different ways. We can use, not 

just circuits, but some system involving the quantized 

energy levels, or the interactions of quantized spins, etc. 

From “There's Plenty of Room at the Bottom”, 

Lecture by Richard Feynman at 

American Physical Society meeting in 1959.





Rolf Landauer, IBM, c. 1960

“Information is Physical”

A. Holevo, c. 1975: 

quantum channels

Y. Manin, c. 1980

“Computable & 

Uncomputable”,

mentions quantum 

computer



Outline

• The nature of qubits/quantum algorithms

• Materials and devices for a quantum 

computer

• (Solid state perspective)

• Error correction and fault tolerance

• Strategies for 2D layouts for qubits

• Measurement, Isolation, Amplification

• The full system view
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A new, strong contender:
280-qubit Rb atom device,
Harvard University

Good at parallel gate 
operations



Qubit

Bloch

Sphere

Definite state “0”

Definite state “1”

Superposition states (“halfway” shown)

-- sometimes has a clear classical meaning, usually not

-- must be isolated from environment to exist

-- can couple to other qubits, then entangled states are 

formed, e.g., 



Silicon spin qubits

Single-spin quantum dots:

Also a route to a scaleable processor?



c. IBM 1 mm T=0.02 K

Scale up has begun! 16-qubit IBM cloud quantum computer

Metalized structure on Si chip

(all resemblance to normal 

chips ends there.)

Qubit possibilities are

superconducting/SQUID type

single electron type



• Qubits (green) coupled via 

high-Q superconducting bus 

resonators (straight gray) –

• Each qubit coupled to readout 

resonator (meander gray)

• Sufficient connectivity for 

error correction code 

scheme 

• Every qubit has a number of 

controller and sensor lines to 

be connected to the outside 

world (gold pads)  

“Standard” scheme for multi-qubit/resonator layout

D. DiVincenzo, “Fault tolerant architectures for 

superconducting qubits,” Phys. Scr. T 137 (2009) 014020.



A recent IBM qubit chip
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Google

QUANTUM COMPUTING IN THE NISQ ERA

Noisy intermediate scale quantum devices

A experimental pivot from of a few pristine qubits to the realization of circuit architectures 

of 50-100 qubits but tolerating a significant level of imperfections.

IBM
qiskit.org

github.com/Qiskit/

http://www.thp.uni-koeln.de/trebst/
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Quantum Computing in the NISQ era

Noisy intermediate scale quantum devices

A experimental pivot from of a few pristine qubits to the realization of circuit architectures 

of 50-100 qubits but tolerating a significant level of imperfections.

IBM

IBM, Google, CAS, …, use superconducting charge qubits: the transmon

What’s on the menu for today: A taste for the potential dangers and limits in this approach. 

Google

http://www.thp.uni-koeln.de/trebst/
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What’s really on the chip?

Google’s sycamore processor

C. Andersen et al., Nature Physics (2020)

surface 7

(demonstrates 

quantum error correction)

Workers at ETH and TU Delft do high-precision

work on fragments of the square grids:

Work at ETH group

Now: 
surface 17

http://www.thp.uni-koeln.de/trebst/


c. IBM 1 mm T=0.02 K

Situation with scale-up. 16-qubit IBM cloud quantum computer

Metalized structure on Si chip

(all resemblance to normal 

chips ends there.)

Qubit possibilities are

superconducting/SQUID type

single electron type

16 qubits (highlighted white)

active part is nanometer scale

Massive additional structures

are resonant couplers, 

sections of coplanar

waveguides



c. IBM 1 mm T=0.02 K

Example of problematic situation: 16-qubit IBM chip

Qubits indicated are not 
supposed to have any direct 
entangling interaction

Nevertheless there is one, at the 
1 MHz level

Not very big, but 104 linewidths!



Work with Solgun, 
Gambetta (IBM)

Black-box modeling methodology

Black box modeling formulas:

• Introduces new formulas for qubit J 
couplings, drive crosstalk, and other 
quantities, in terms of multiport impedance

• The 7-port “gray-box”, or the 10-port IBM 
device on the right can be accurately 
simulated with HFSS, given the full 
impedance matrix

• E.g., J-coupling formula:

Solgun, DiVincenzo, Gambetta, “Simple Impedance 
Response Formulas for the Dispersive Interaction Rates in 
the Effective Hamiltonians of Low Anharmonicity 
Superconducting Qubits,” IEEE Trans. Micro. Theory and 
Techn., 67 (3), 928-948 (2019). 

M1

JJ1

M2

M4 M5

JJ2

JJ3

JJ4 JJ5

M3



Very good theory-experiment 
correspondence for J couplings

An impression of the meshing needed in the microwave simulation



Real instrumentation for 

qubit protection, manipulation, and measurement

One qubit



J. Kelly et al., State preservation by repetitive error detection in a 

superconducting quantum circuit, Nature 519, 66–69 (05 March 2015).

State of the art (2015):

Fully controlled 9-qubit device (UCSB/Google)



UCSB/Google

Classical control: 23 control wires for the 9 qubits!



Waveforms of classical signals 

going to the dilution refrigerator
10 kW power consumption



The ugly part of the architecture – meter-long 

cable runs to control-room instrumentation

Workhorse
„dilution“ 
refrigerator

Number of cables
~ 2x the number of qubits

Millions of qubits ???

1 meter
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Vision: Scalable architecture – needs cold analog & 

digital electronics

Signal generators, 
amplifiers, 
isolators, ADCs, 
DACs

Operating 
temperature: 4K

Ethernet –
„Give your quantum
computer an IP address“

Quantum chip: T=0.02K
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