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Qubit measurements in circuit QED

Transmon qubit coupled to a 1D transmission-line resonator Jaynes-Cummings Hamiltonian:
hw
Hic = hw,a"a 2q 6, + hg(a'6_ + as.)
dispersive regime:
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Qubit measurements in circuit QED

The microwave measurement chain

Signal at the output of cavity (including all amplifier chain):
Vout (1) = Aout () cos(wyt + ¢e 4(1))

2
Ge.g = ::arctan(—x)

K

Att.

Local Oscillator:

Vio(t) = ALo cos(wrot + ¢o)

1Q mixer output:

I o sin((w, — wro)t + ¢e 4(1))
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A. Blais et al., Review of Modern Physics 93 (2021)



Digital demodulation and filtering

Heterodyne detection scheme (using FPGA)

Y. Salathé et al., Physical Review Applied 9.3 (2018): 034011.



Digital demodulation and filtering

Heterodyne detection scheme (using FPGA)

1. Digitisation

Voltage signal at the ADC input:
VAD(j(t) — A(I) COS[G)[Ft + ¢(t)]

(ei[wlpf+¢(‘)] 4 e_i[wIFt+¢(t)])_

ADC sample rate: f = 100 X 106 samples/s.

IF frequency: o/ (2r) = f/4 = 25 MHz

ADC resolution:
+1 V range and 14 bit: discretisation step 2-13 V = 0.12 mV
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Digital demodulation and filtering

Heterodyne detection scheme (using FPGA)

2. Digital mixing

Sm (tn) = VADC(tn)e—imlFt"

A(t,) , -
— (2n) (el¢(tn) + e-llza’IFtn+¢(tn)]).

sideband at zero frequency I+ iQ = A(t)e'?)/)2

cos(f/4 2rt)
=(1,0-1,0, ...),
Re[S ]
VADC
Im[S ]
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Digital demodulation and filtering

Heterodyne detection scheme (using FPGA)

3. Digital low-pass filter

moving average

n

I(t,,)—l—iQ(tn)E% S Su(t),

k=n—I[+1

4, State discrimination
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Y. Salathé et al., Physical Review Applied 9.3 (2018): 034011. —




Quantum Instrumentation Control Kit

New FPGA platform

L Stefanazzi et al., arXiv:2110.00557v1 (2021)

RF board

Software +— RFSoC — RF parts
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Client PC software:
Qubit experiments, APls, simulations

QICI( RF board

high speed DAC

high speed ADC
programmable FPGA logic
conventional microprocessor




Quantum Instrumentation Control Kit

Motherboard
Xilinx ZCU111 RFSoC evaluation board

XCZU28DR RFSoC chip

e cight 6.5 Gs/s DACs
o cight 4 GS/s ADCs

Includes:

- configurable IQ digital up/down conversion

- integrated num.controlled oscillator
- gain matrix
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- digital filters
( Software Blocks ) ( Hardware Blocks
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(" jupyter/Python | Processing System (PS
PYNQ Notebooks
\ ) | Arm® Cortex™-A53
- Python A
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g Linux kernel A
Pyng.device
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Application and Software

FMC+
(12x GTY)

Ethernet
RJ45

MSP430 JTAG
USB (JTAG/UART)

JTAG
SD

PL 4x DDR4 Component
(4GB, 64-bit, 2666 MT/s)

Power Switch

12V Power

DisplayPort USB 3.0

2x PMOD 1/O

RFMC (DAC)

RFMC (ADC)

direct synthesize carrier frequencies up to 3 GHz in first Nyquist zone
and up to 6 GHZ in the second Nyquist zone mode

SATAM.2
(X GTR)

SMA MGT CLK

PS DDR4 DIMM
(4GB, 64-BIT, 2400 MT/S)

XCZU28DR-2FFVG1517E

AMS Clocking




Quantum Instrumentation Control Kit

Analog front-end
QICK RF board

More than 200 components: amplifiers, mixers, filters, local oscillator generators, switches, drivers

Eight RF or DC coupled outputs DC-2GHz Ap=4  1pF
RF switch h— ‘ :
Balun Att 7 RF switch SMA
M Lo
2.60dp  10dB

Analog DSB
DAC analog mixer
output LO = 8.5 GHz BP filter Lo=85GH: 2*LO = 17 GHz
Filtered-out @~ = F=====ceecccceee--
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Quantum Instrumentation Control Kit

Analog front-end
QICK RF board

More than 200 components: amplifiers, mixers, filters, local oscillator generators, switches, drivers

Eight RF or DC (1.5 GHz bandwidth) coupled inputs S - e
L H - Hiee
7 LOT
1-30 dB
(a)

Variable gain

Analog DSB EE———
DAC analog mixer
output LO = 8.5 GHz BP filter Lo=85GH: 2*LO = 17 GHz
Filtered-out @~ = F=====ceecccceee--
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System architecture and functionality

QICK firmware block diagram ZYNQ system
system with own DDR4 memory,
running LINUX OS on a multi-core ARM processor

Processing System PSS Side

Programmable Logic PL Sidc
:’ SG 0 "I DAC>—> Vouto

Ving AD I_'[ J—’ tP
—>< C Readout 0 > tProc || 3G 1 |DAC>—' "

Signal generators

V; | pulses with complex envelopes
o 4’<ADC Readout 1 — 5G 2 4'| DAC>—> Vouts which modulates a high-speed carrier
K : :
““‘7 o . .
Readout block  +*** 3 ‘ | -
o - 1 Digital Out
fast digital downconversion o /O } igital Ou
tProcessor

custom processor
with timed instructions
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QICK RF board Performance

Spectrum of mixer upconversion

Mixer upconversion spectrum
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Latencies

Sampling
freq. (MHz) |Functions Clocks |Latency
ADC:4096 |ADC and DAC with all
DAC:6144 |digital features bypassed 46 90 ns
ADC:4096 |ADC and DAC with NCO
DAC:6144 |enabled S8 113 ns

ADC and DAC, NCO
ADC:4096 |enabled, and interpola-
DAC:6144 |tion/decimation enabled 60 | 117 ns
ADC:4096 |Conditional evaluation and
DAC:6144  |address jump 16 42 ns
ADC:4006 |Next pulse latency if ad-
DAC:6144  |dress jump=TRUE 20 52 ns




(a)

Characterization of a transmon qubit
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