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An important desired ingredient of superconducting quantum circuits is a readout scheme whose

complexity does not increase with the number of qubits involved in the measurement. Here, we

present a readout scheme employing a single microwave line, which enables simultaneous readout

of multiple qubits. Consequently, scaling up superconducting qubit circuits is no longer limited by

the readout apparatus. Parallel readout of 6 flux qubits using a frequency division multiplexing

technique is demonstrated, as well as simultaneous manipulation and time resolved measurement

of 3 qubits. We discuss how this technique can be scaled up to read out hundreds of qubits on a

chip. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4739454]

Two key requirements for realizing a quantum computer

are the abilities to manipulate a register of qubits and to mea-

sure its state. Nowadays, registers of up to 3–4 superconduct-

ing qubits have been manipulated and read out simultaneously

either by using a common resonator1 or by employing dedi-

cated electronics for each qubit.2 Both techniques are difficult

to scale up towards quantum processors with a large number

of qubits which is required for implementing practically rele-

vant computational tasks.

In this letter, we describe and demonstrate an approach

that combines parallel manipulation and readout of multiple

qubits using a frequency division multiplexing (FDM)

scheme. FDM has previously been applied in other fields,

e.g., for reading out arrays of microwave kinetic inductance

detectors.3,4 The advantage of this technique is that it is scal-

able, in principle, to an arbitrarily large number of devices.

The architecture employs resonators of different frequencies

for individual qubits,5 all addressed using a single common

microwave transmission line that connects the qubit chip to

the readout electronics.

The frequency-selective approach5 to read out N qubits

would require N individual microwave frequencies for

readout, which also suffers from scalability issues if gener-

ated using individual microwave generators. This engineer-

ing problem can be solved by using techniques from

software-defined radio (SDR), a core technology of many

modern wireless transceivers. On the readout side, a fast

digital-to-analog converter (DAC) synthesizes N specific

sub-GHz baseband signal tones for individual qubits, as

many tones as desired within the available bandwidth.

Subsequently, these tones are mixed up to the desired read-

out resonator frequency of few GHz by using a reference

microwave source and a two-quadrature (IQ) mixer. The

generated multi-tone probe signal is sent through an

on-chip transmission line with individual qubit readout

resonators coupled to it. The transmitted signal is mixed

back down to baseband frequencies and digitized by a fast

analog-to-digital converter (ADC), and the amplitude and

phase change of each transmitted tone are obtained from

the quadratures I and Q using a fast Fourier transform.

Quantum manipulation and readout of N qubits requires N
microwave tones to be generated in addition to the readout

tones. The manipulation tones can be generated using the

same SDR technique under the condition of all qubit

manipulation frequencies remaining in a range of two times

the available baseband bandwidth around a common refer-

ence frequency.

The investigated circuit consists of seven flux qubits,6

each inductively coupled to an individual coplanar wave-

guide resonator. The seven resonators were designed to have

distinct resonance frequencies ranging from 9.3 GHz to

10.3 GHz. Each resonator is capacitively coupled to a com-

mon 50 X coplanar transmission line crossing the whole

chip. Details on the sample layout and fabrication can be

found elsewhere.5 Our test chip was designed to demonstrate

FDM; the qubits are not directly coupled to each other. The

circuit had no on-chip magnetic coils to individually bias

each qubit of the array. The qubits were biased to their oper-

ating points via a uniform field coil wrapped around the sam-

ple holder and two small gradient coils placed above the

sample. The three coils allow simultaneous operation of

three qubits at their symmetry points. Qubit manipulation

was performed by an additional external microwave signal

applied via the readout transmission line.

A probe signal composed of one microwave tone per qubit

to be read out is sent through the common transmission line.

The interaction between each qubit and resonator leads to a

state-dependent dispersive shift,7 Dxr ¼ ~g2=ðxq � xrÞrz, of

the resonator frequency, where ~g is the effective coupling

between the resonator and qubit, xq and xr are the angular reso-

nance frequencies of the qubit and resonator, and rz is 61

depending on the state of the qubit. The composite signal probes

all resonators at the same time, storing the information on the

state of all qubits in the transmitted tones. Detection of the
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transmitted amplitude and phase of each of the tones pro-

vides a simultaneous non-destructive measurement of the

states of all qubits. The probe signal is generated by mixing

a reference microwave tone in the band of the resonators

and a multi-tone DAC output using an IQ mixer, see Fig. 1.

By using the I and Q quadratures, we address the upper and

lower sidebands of the mixing product individually to

effectively double the bandwidth of the system. The mixer

output is combined with the qubit manipulation signal

through a directional coupler. A strongly attenuated line

transmits the combined signal to the sample, which is

attached to the mixing chamber stage of a dilution refriger-

ator. Two cryogenic circulators and a high-pass filter at

30 mK are used to prevent reflections and noise from travel-

ing from the cryogenic amplifier back to the sample. A

chain of amplifiers provides 80 dB gain to boost the trans-

mitted probe signal to levels sufficient for the detection

stage, which employs an identical IQ mixer to convert the

signal back to baseband frequencies. The local oscillator

inputs of both mixers are fed from the same reference

microwave source, resulting in a homodyne detection with

a fixed phase offset. An additional high-pass filter between

the local oscillator ports of the two mixers prevents leakage

of the baseband signal. After digitizing both quadratures,

the amplitude and phase of all components of the probe sig-

nal are extracted via FFT. The maximum number of devices

that can be probed with the described technique is defined

by the frequency separation between resonators and the

bandwidth of the acquisition board. The frequencies of the

resonators on our chip are spaced at intervals of 150 MHz

and the acquisition board has a bandwidth somewhat below

500 MHz, allowing for the simultaneous detection of up to

six devices.

The transmission spectrum of the sample, measured

with a vector network analyzer is reported in Fig. 2(a). The

seven absorption peaks correspond to the seven readout reso-

nators. Close to each peak, its bare resonance frequency as

well the identification number of the device are printed. The

inset of Fig. 2(b) shows the transmission at frequencies

around the resonance of device #3 vs. the magnetic flux bias.

The two points at which the dispersive frequency shift

changes its sign correspond to avoided level crossings of the

qubit and resonator. We demonstrate FDM by measuring

the maximum possible number of devices simultaneously.

Figure 2(b) shows the transmitted amplitude of the six

probe tones versus the external uniformly applied magnetic

flux. Each curve is shown aligned with the corresponding

transmission peak to the left in Fig. 2(a). The amplitude of

the transmitted signal is constant as long as the qubit remains

far detuned from the resonator. The amplitude changes dras-

tically around two distinct fluxes, again indicating anti-

crossings between the qubit and the corresponding resonator.

There is a minimum between these two peaks, because the

readout frequencies were set on resonance, with the disper-

sive shifts at the symmetry points of the qubits taken into

account. The readout frequency of device #3 is shown as a

dashed line in the inset.

FIG. 1. Experimental setup used for FDM readout. The qubit manipulation signal is generated by a single microwave source for spectroscopy and three addi-

tional microwave sources, DAC channels and mixers for pulsed excitation of the qubits.

FIG. 2. (a) Transmission spectrum of the sample with all qubits far detuned

from the resonances. (b) FDM readout of six flux qubits. The main plot

shows the transmission amplitude at the resonance frequencies of devices #1

to 6 vs. the magnetic flux generated by the uniform field coil, measured

using FDM. The inset shows the transmission amplitude at several frequen-

cies close to resonance #3, measured with a network analyzer. The dashed

line indicates the probe frequency used for this device in the main plot. The

curves in the main plot are normalized and shifted vertically for better visi-

bility. The offset along the horizontal axis is due to magnetic field non-

uniformity, which is likely due to the screening currents generated in the

superconducting ground plane.
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In the next set of experiments, we tuned the uniform

flux coil and two compact local coils placed above the sam-

ple to bias three qubits at their symmetry points. Limiting

the number of qubits to three was necessary because of the

lack of additional (on-chip) coils and not due to the readout

technique itself. After setup of the readout pulse to probe cir-

cuits number #2, 3, and 5, we performed a spectroscopy of

all three qubits simultaneously. A continuous microwave ex-

citation signal of varying frequencies was applied to the sam-

ple and a pulsed three-tone probe signal was applied every

10 ls. When the excitation frequency matches the gap

between the ground and first excited states of a qubit, the in-

stantaneous dispersive shift of the center frequency of the

corresponding resonator switches between positive and nega-

tive, thus changing the mean amplitude and phase of the

transmitted probe tone. Figure 3 shows the spectra of three

qubits measured in parallel.

Finally, we performed simultaneous manipulation with

time resolved measurements on three qubits. Here, we used

individual microwave excitations for every qubit, which

were added together via a power combiner. We note that the

complete excitation chain could be replaced by a reference

source and a mixer controlled by a single arbitrary waveform

generator with sufficient bandwidth to drive all qubits, simi-

lar to FDM readout tone generation. Measurement data are

reported in Fig. 4. All three qubits were simultaneously

driven by individual excitation tones and the readout was

performed in parallel using the FDM protocol. Every qubit

can be Rabi-driven at a different power. Left panels of Fig. 4

present Rabi oscillations at three different powers for all

qubits. The measured linear power dependences of Rabi

oscillations reported on the right panels in Fig. 4 are in excel-

lent agreement with theory.

The reported technique can be scaled up to read hun-

dreds of qubits on a chip. The minimum channel spacing is

determined by the energy relaxation rates c of the qubits and

j of the resonators. j is dominated by the coupling to the

feedline, and is a design parameter of the system. Large val-

ues of j increase the signal-to-noise ratio of individual read-

outs7 but also enhance qubit decay due to spontaneous

emission. A channel spacing of 1:5j is required to keep the

crosstalk between adjacent readout channels below �10 dB,

a spacing of 5j reduces the crosstalk to �20 dB.5 Energy

relaxation of a qubit causes a frequency modulation of its

readout resonator, which induces sidebands at multiples of

Dxr from the bare resonator frequency. A conservative

estimate for the additional bandwidth required due to this

modulation is 2ðDxr þ 2cÞ.8 Our current parameters allow

20 qubits per GHz of readout bandwidth with less than 20 dB

of crosstalk and 60 qubits per GHz of readout bandwith with

less than �10 dB of crosstalk. Furthermore, this number

could be increased even more by lowering the coupling of

the readout resonators to the feedline.

In conclusion, we developed a multiplexed readout

scheme for superconducting qubits whose complexity does

not depend on the number of qubits that are measured. In

particular, we demonstrated parallel spectroscopy of six flux

qubits as well as the independent manipulation and simulta-

neous readout of three of them. Despite its simplicity, this

readout technique can be easily scaled up to measure regis-

ters consisting of hundreds of qubits.

This work was supported by the EU project SOLID, the

Deutsche Forschungsgemeinschaft (DFG), and the State of

Baden-Württemberg through the DFG-Center for Functional

Nanostructures (CFN) within subproject B3.4.
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FIG. 3. Multiplexed spectroscopy of qubits #2, 3, and 5. The qubit manipu-

lation microwave excites qubits when its frequency matches the transition

between their ground and excited states. The state of all three qubits is con-

tinuously and simultaneously monitored by the multi-tone probe signal. The

horizontal axis reports the uniform bias flux applied to the chip.

FIG. 4. Simultaneous manipulation and detection of three qubits. Left plots:

Rabi oscillations at several powers; traces are vertically offset for better visi-

bility; curves with the same color/offset (blue-bottom, green-center, red-top)

are measured simultaneously using the FDM technique described in the

main text. Right plots: Rabi oscillation frequency versus power of the excita-

tion tone; the error bars are smaller than the size of the dots.
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