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Today’s Lecture: 1Q Demodulation using FPGA and MATLAB
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Signals measured from quantum setup are often very noisy and mixed with different frequencies
IQ demodulation is used to calculate the phase and amplitude of a signal to identify the quantum state

State identification using

IQ demodulation
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Introduction to FPGA

| fﬁ/_\,agav
VC707 board including Virtex-7 FPGA R S

O Massive parallel processing

d High memory bandwidth

d Faster than CPUs and GPUs

d Challenging to program and debug
a

Applications: Video processing, machine learning, cryptography, database acceleration,
quantum signal processing...
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Why i1s FPGA Faster? CPU VS FPGA

. Data Data Data Data

Example Code 1 l write " Memory Memory Memory Memory

accum = 0; read " read
. . > > I R

for iteration = 1:100 Control Mz:zry read ® read IE —| Ree ces =
{ c = coef(iteration); [Ree | = I » | Reg | Reg »| Reg Reg

d = data(iteration); l jump, +1 addrf " l ._l l

Program Program @ I
if (c<d) Cofnter | Memory select " 100 of each operatlon \ /

Architecture of CPU

e=(c-2)x(d+3); Arithmetic Logic Unit in parallel
else "
e=(d-2)x(c+3); (? QP

} accum = accum + e, . .
output
B ,
 Execution loop over CPU » Configurable parallel architecture
(3000 clock cycles + Operating System) Aot 3 clock cycles
 Limited Parallel Processing » Massive Parallel Processing, for Virtex-7:
2800 Multiplier, 11200 32bits adder
« DDRA4 offers 20 GB/s » 1030 Block RAMs + DDR3 (5GB/s) offer 1726 GB/s

15min quantum measurement
« 2.8TB memory in PC, 9 hours of processing * Real-time, 260ns latency, 157 KB memory in PC
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Your Verilog Code Describes your Hardware: Optimizations

A—s SumAB
B—» +1
assign SumAB = A + B; Ik + -
assign SumCD = C + D; ‘I;:: +
assign SUmEF = E + F; T sum
assign SumGH = G + H; E_ ~
assign SUMABCD = SumAB + SumCD: F T
assign SUMEFGH = SumEF + SumGH; + -
assign Sum = SumABCD + SumEFGH,; G—» _I_j
H—s>
Verilo
d More Efficient
in terms of latency
A—s SumAB
assign SumAB = A + B; S +1
assign SumABC = SumAB + C; c +‘L
assign SUmABCD = SumABC + D; 5 . +1
assign SumABCDE = SumABCD + E; +
assign SUMABCDEF = SumABCDE  + F; : duu R
assign SUMABCDEFG = SUmABCDEF  + G; : Susinf]
assign Sum = SUmABCDEFG + H; c i _|_1
Verilog H T sum
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Xilinx Tools for Hardware-Software Co-design

0 0 0 )
W”te Vel’l|Og F|IeS ¢ prjl - [C/Users/kadir/ Desktop/MyCourse/Projects/new_design/FPGAforQy project]/prjl/prjlxpr] - Vivade 2019.1 pril.sdk - C/C++ - Software_Project/src/main_software.c - Xilinx SDK
L Vivado J File Edit Flow Tools Repots Window Layout View Help < QuickAccess File Edit Mavigate Search Project Run  Xilinx Window Help
=, 8 NSRRI & A | &~/ ~E@in]0 oo e kS ainisnd
N
F 7 Flow Navigator = e B PROJECT MANAGER - pri1
Simulate DeSIQn [{5 Project Explorer 53 = 8 [, system.mss [£] main_software.c 23 | [§]
Vivado v PROJECT MANAGER '
- g £+ Settings Sources o mEx =) <}==,l'>| F v @ /* Description: PS transfers 4 val
. A6 Sources O = £ + o E Feedback_Top_hw_platform_0
Synthesize Design ~ [ Design Sources (1) v & S;ftmlxare._li'mject #include <xil types.h>
Vivado Lenguage Templates ~ @ & Feedback_Top (Feedback_Top.v) (6) 5%, Binaries #include "xparameters.h”
- / % IP Catalog v @ system_i - system_wrapper (system_wrappery) (1) [kl Includes #%nc]ude "xgplcln_l.l:':
N Debu #include "xil_io.h
> system_i: system (system.bd) (1) = g
[ Code C h v P INTEGRATOR @ inst_adc: red_pitaya_adc (red_pitaya_adcy) (= Release “void write_control reg array(u3z R
SDK Create Block Design @ signal_analysis : signal_analysis (signal_analysiz.v) v = siC _ { .
\. J S TEME e wiz MAC - clle iz DAC (el iz DA veil @ main_software.c Xil_Qut32(XPAR_REG_ARRAY @ 580
™ o .
Program FPGA Xilinx Vivado Xilinx SDK
] SDK ]
Software Debugging
] SDK )
( "
Hardware Debugging
L Vivado )
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FPGA in Quantum Experiments

» DSP for Superconducting Qubits

>

Overview of experiment setup

o User applications
(averager, histogrammer, correlator,
state identification, machine learning)

Image Processing for lon-Traps

Digital Micromirror
Device

Y g O ® s amem ' ORI
N ETHziirich
Quantum . .
- Engineering Kadir Akin
S\ Center
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Overview of Quantum Experiment Setup

Ethernet

> 16 ADC (@ 2.5 GSPS) and 16 DAC (@ 10 GSPS) Channels

>  Real-time and low-latency
0 Feedback (1 us latency is required):
* Impossible with PC =» 260ns latency with FPGA

Analog
Up-Conversion

. Analog
Qubits Down-Conversion
and Amplifier
[ ! [ Re —Re Re
W = T S — | Decimation|—> — > Averager Ny
1 —[°° 2 ® Boxcar  FIR Signal )
CH 8| . . o | Math| " Correlator - Weighted |=>| Histogrammer |<=
; RF DDC M\ = = —> |Decimation|— Integration > DDR
onverter Boxcar FIR —> | State Identification | <=
=»| Machine Learning | <=
CH2 — = — >
CPU <> PC
v
—— > CH1
DAC — 5 CH2

Trigger

- ETHzirich
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Overview of Quantum Experiment Setup

Qubit chip with
connectors

Cryostat PCB holder Qubit chip design Qudev Lab

Team of Expertise: Quantum Theory, Cryostats and Cryogenics, Fabrication, RF Circuits, Analog Circuits, Digital Signal Processing,
FPGA, PCB design, Software Engineering, Computer Network

- ETHzirich
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Comparison between Quantum and Digital Circuits in terms of Gate Operations
mww

b
Operations in classical computer Vg wm‘m Quantum Circuits

0 Uy y
1 AND AND 1 o
. U5

0o ' .
. AND » X Time > /

AND 0 Input states Read the output
0 of qubits by measurement

- ETH:zirich
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100 qubits would require around:

500 fast ADC and DAC channels (1-5 GSPS)
500 microwave generator channels (4-20 GSPS)

Google’s Quantum Computer Control and measurement electronics used for
supporting 10 qubits 17 qubits of Qudev

- ETH:zirich
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Requirement: Scalable System for Controlling and Measuring High Number of Qubits

Syncronization of multiple systems for network of qubits

— o

j “ —— N J Y (| - J /! f./ - >
A =7 / 4 7

Network of Quantum
Computers in Future

Ref: Simon Storz

e |

Ref: P. Magnard, et al., Physical Review Letters, 125(26), 260502, 2020

Cryo Link in Qudev

- ETH:zirich
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Control and Measurement of a Qubit

10) + [1)
V2

Control Measur;ement
A (
[ \
30mV
ov I —
5-10 GHz Sin Wave with
30mv: d | 5-10 GHz Sin Wave with Rictangutlar I:Envelope at
-50 ns 9/\\\ 50 ns Gaussian Envelope at esonator Frequency
SN Qubit Frequency
XY control
30mv 245ns 25ns 25.5ns
Quantum state ' A
ov presents in amplitude \/'_\_/_\L&ﬁ\ le)
and phase response Y
3omv- | |
95ns 10ns 10.5ns —

“V |9)
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Measurement of a Superconducting Qubit

Readout frequency

0.08
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|S21|

0.04

0.02
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90

phase, ®

4.73 4,75 4.77
Frequency (GHz)

A readout of a single qubit circuit with an LC
readout resonator (without purcell filter),
amplitude and phase response

- ETHziirich
Quantum . .
m - Engineering Kadir Akin
S\ Center

/>

iTEEEN I

IEEEER
LC .
resonator SC qubit

.l
B Qubits BN Readout resonators Bl Purcell filters Bl Coupling Bus resonators
Bl Charge lines Bl Flux lines Feed line

J. Heinsoo et al., Phys. Rev. Applied 10, 034040 (2018)
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Quantum Mechanics with Superconducting Qubits

Readout frequency

0.08 J ﬁ
; |
— 0.06 ; ‘
i : l
N 1]
2] .
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£
0.02 b
i
v/ e
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Frequency (GHz)
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phase, ®

-90
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Frequency (GHz)

A readout of a single qubit circuit with an LC
readout resonator (without purcell filter),

amplitude and phase response
ETHzirich

Quantum
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Aéﬁ=1+iQ
A(t) cos(2mtft + @(t)) signal Phase I
amplitude
In-phase and
i quadrature
components
iy MWW
i A
| $ / ‘ :
il itk -
| I = Acos(p)
L L
[ reference signal } Q
i phase modulation
—T | t T 0§ t I ! 5
° ° tirlg (miczrsosecc?r?d) © % T "_)I
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Digital Signal Processing for Quantum Experiments using FPGA

PC

ADC
Chip

DAC

DAC
Chip

select
—
X GPIO l
> +«—| GPIO Start
ARM CPU ) | nterconnect | Tax] Rabi Control |,
Settings DAC
———
'_Iim Interface
Start
Ramsey Control >
Zynq SoC GPIO Settings
1\

Block Design

re I ore

- s Boxcar —— — — total_g_state
ADC Digital Low State State
Interface ’ Down . Pass Q Identification | | _rig Counter
Conversion | 1M Filter L= I+ total_e_state
FPGA
DAC
Uart

Fl?lzdrich
E \r/:"‘j"vg 16

ETH

DAC
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Detection Setup

Qubit

Lty Lt ettt rrrerd

Readout Resonator

Phase (deg)

ETH

N

Amplification
Down Conversion

— 4.5 mm

Excited
Ground

readout frequency

Frequency (GHz)

4.73 4.74 4.75
ETHziirich
Quantum . .
Engineering Kadir Akin
Center

4.77

Time Integration

(adding-up consecutive values)

Lowpass 0.75 |
o~
'C)—’ =
I 2cos(2ﬁﬁ,l)
¢ 2sin(2zft) Lowpass
N _
—>®—» = >
075}, | . 1 1
-50 0 50 100 150 200
Time, t [ns]
| ' ]
FPGA
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Digital Signal Processing for Quantum Experiments using FPGA: Measurement

ADC i, —|> ﬂ — total_g_state
ADC - Boxcar
Chip Interface [ %Ig\ﬁ im Low Q, | denSt:ﬁ(t:Ztion valid CS;S::er > total_e_state
Conversion Pgss
trigger - Filter |, 5 > measurement completed
<1073 Quantum Measurement System in FPGA
51 N0|sy Input (Blue) and Recontructed QUantum SlTnaI (Red) . LO Signals
2 ‘ ‘ W [ “ “1 . (T h \1w 2 2 A/ VA A R
: “\ W i : M b m| m J W i M“JM (R " ”"4 |]”\ \‘ i j g I AViAY [\
2 oy *% i | [ H ( M Lk M” gl R WJ Il HJ = AR EAR AR AR AARY
SIARKR AR AL SR LR AL RV .,
< S . E ol SYARV VARV VARV VARV VARY
5 ! ! ! ! . ‘ '
1.8 1.9 2 2.1 2.2 2.3 2.4 25 26 1.8 1.82 1.84 1.86 1.88 1.9
time (s) %107 time (s) %107
S I (blue) and Q (red) signals for the e state measurement S I (blue) and Q (red) signals for the g state measurement
/ =
% 0.5} 5 05
:S 0 P -_S 0 \ >
?-0;15 i I I ‘ ‘ ‘ | E__O__15 B | «\/WMJWNJW AN a\/\ \f\rﬁf“ff\ﬂi: mf\”“m o A, vM
1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6
time (s) %107 time (s) x107°
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Digital Signal Processing for Quantum Experiments using FPGA: Measurement

Magnitude (a.u.)

Magnitude (a

Magnitude (a.u.)

re [ gore
L —_— — — total g state
ADC ADC - Boxcar
q > —_— Digital . Stat : State
Chip Interface im Low Q ate valid
Down |—— Pass B |dentification Counter (—» total_e_state
Conversion ‘
trigger — Fiter | —_— L measurement completed
-4
£l ' oo gy ' ' Quantum Measurement System in FPGA
104 L
FFT of
5 - Input
: | |
-60 -40 20125 0 125 20 40 60
Frequency (MHZ)
\\ \ Shift spectrum 12.5 MHz with DDC
\
5 \ \
25 XI1U 1 1 1 \\ 1 1 \I I 1
\ \
24 \ ' I FFT after
1.5+ X | r DDC
14 L
05+ \ L
D T T T T I I T T I T T
-60 -40 204125 0 125 20 40 &0
Removing
x 10 noise and
20 L — L ! : : unexpected
154 Il signals
104 L FFT after
Boxcar
5 L
D T T T T T T T T T
-60 -40 204125 0 125 20 o &0
- ETHziirich
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Discrete Time FIR Filter x are inputs

h are the weights
A y are the outputs
z~1 are the delays (register)

y[n] = hg x[n] + hy x[n — 1] + ---+ hy x[n — N]

x[n—1] x[n — 2] x[n — 3] x[n —15]

] CoTrETETTETT e

x[8] \
7
x[gi[ ] l

@
1/16 = 0.0625 16-Tap Boxcar Filter
Frequency Response
1 Impulse Response /\
#taps & R I
#taps-1 i el i "1 F. = 125 MHz (samples every 8ns)

B Fil
oxcar Filter F./16 = 7.8 MHz

- ETH:zirich
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Calculating Correlations with Histogrammer

| s | : Event Counting: Histogram, two channels:
W : : +1 -
E E E E 1,17 81,11 >< ; 05 counts (M)

/ i i : {|1,2'Q1,2} 1 g 180
ADC+DSP: )\ Q,, . ' 13N 5 0 6
\ ; ; ; ° = 4
. : : : S .S 5 2
; : : : : : {15,109/ Qy 109t 77 = :

: : : Q NG Memory -1 -05 0 05 1
J |.| |.| "j.l |.| 1,3-|_| Q quadrature (a. u.)
Sing le per tri t \g) le}
Each measurement starts Ingle sample pertrigger, one segmen 1g) le)
with a trigger signal ' At : :
BB
triggers with At offset
Q 4
Op
€ o
—
-4l :
e ~
Threshold Qubit 5 Threshold Qubit 24
4 0. 4 4 0 4
I (o) (o)

Figure 4. Readout fidelity measured for two gubits in the IBM Rochester quantum system (53 qubit processor). The

https://www.ibm.com/blogs/research/2020/01/quantum-limited-amplifiers/

- ETH:zirich
m 0' Cé’n“gjﬁé%%g Kadir Akin 21 EPFL, Lecture
S\ enter



https://www.ibm.com/blogs/research/2020/01/quantum-limited-amplifiers/

Utilization example of fast guantum state identification: Resetting qubit to |g) state

1 !
0 )
Stage1 Stage2 StageS Stage4 | - N PraN" " )
f}>+|( lg) or le) VADCDT N r N N S i M
e e e fe—
° == M S S
P M1 |____' M2 l,‘D....I+.....;;;;IIIITII
r > R DN Qof-- — :
. I ....lllllll+lq
||=> DSP J L> DSP ' i Z-d |
FBT 1 : >
I Izjl ! . . -
f=——o—p| Histogrammer 0 100 160
State identification and
o ] feedback generation
EJII-Z'.':'|--T Tor o = 219 ns ;E. E Teo E 0 Threshold
M- - | e
2L T |9) ! le)
N A -
] M ] m: ;
] — | = — ; I:
0 160 360
Time, t (ns)

- ETHzirich
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Utilization example of fast guantum state identification: Resetting qubit to |g) state

Stage 1 Stage 2

#g+le)) lg)

Stage 3

or ¢

Stage 4

& eeee

MA ===~ M2
( | (—
e ‘-’w' '__jr__! )":\
||=> DSP %I‘ ||=> DSP
I A
) Histogrammer
i FB :
105ms i, ~219ms § o7
. T
iy [ ' [ d ]
' ; I ]
N g% e
oM L M2
— — | = S
0 160 360
Time, t (ns)
- ETHziirich
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1

Threshold

(@) feedback off (b) feedback on
| [mV] | [mV]

—20 0 20 40 60 -20 0 20 40 60
s~ 1 . e .
= "M1: 46. ((3) N M1: 46.02(3)%
- ~ M2: 34.97(3)% S M2: 13.23(2)%
© fmi 1 ‘ot |
_‘gé S5t .’m | ﬂ ;_-n\.‘, 1 ‘,ﬁ
S § % ol
IRVAVANVAVAY

(c) feedback off (d) feedback on

60 1.88(1)% 1 33.10(3)%

l2 [mV]

[ 52.06(3)% 1 12.97(2)%

L67(1)% ! 11.57(2)%

52.32(3)% 1 34.45(3)%

-20 0 20 40 60
1 [mV]

Counts, C [10%] :

23

-20 0 20 40 60
4 [mV]

o

0 05 1
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Lab Exercise: 1Q Demodulation using MATLAB

>
>

Armplitude (%)

ETH

Lab Exercise

Our important signal (blue) with added noise, DC and two other signals (red)

'UU1 I I I I I I I I 1
0 0.4 06 (IR 1 152 1.4 16 1.8 2
time (s) 5 10-8
, X0 Input signal and reconstructed signal
=
= 0
§ W W W by W W
-2 I T T T T T T T T T
1 1.04 1.06 1.08 1.1 1.12 1.14 1.16 1.18 1.2
time (s) w10
ETHziirich
Enu;zé%rgng Kadir Akin 24
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Signals measured from quantum setup are often very noisy and mixed with different frequencies
IQ demodulation is used to calculate the phase and amplitude of a signal to identify the quantum state

Aé?:1+iQ

signal Phase I

amplitude I
n-phase and

quadrature
components

j iraman
A
Q
%
> -1
I

I = A cos(p)
Q = Asin(p)

EPFL, Lecture



Any time domain signal can be represented as a sum of sinusoidal signals

time-domain frequency-domain
'
/\/\/\/\/ I I 1 1 1 I discrete
f, 2f, 3f, f
periodic
f,=1/T,
Time Domain Frequency Domain

Pulse “ /\
. AN N A

>t .VV VV. . f

- ETH:zirich
m’ a CO = Kadir Akin 25 EPFL, Lecture
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Euler’s Formula

e’ =cosx +1sinx

for any real number x

o
e 2 =1
ImA
i e = cos g + i sin g
sin @
eln - —1 elO =
g -
0] cos 1 i
¢ Re elZTL’ =1
3m
e 2 = —1

N ETHzirich
Quantum . .
m - Engineering Kadir Akin
S\ Center

i —ixr
e” +e
COST = 5
Alm
_e_ix_ _______________________ e'x
eIX_ e—l)( :
2 i-sinx \
cosx . |
ei)(_i_e ix E Re
2
e—ix
26

ei(21rft+(p)

Time Domain

\VAV.

cos(2ntft + @)

e—i(ant+(p)

_|_

2

EPFL, Lecture



Euler’s Formula

imaginary

sin2nfyt el?mht = cos2mf,t + jsin2mfyt

7

I real
K cos2mfyt 1 I
- > f

Time Domain Frequency Domain

Time Domain Frequency Domain

x(t) = e2mhot X(f) =6(f = fo)

1 1
ES(f - fo) +§5(f_fo)

cos(2nfyt) \/\/ I I y

1 1
I I 580 = 2f0) +58(F = 2f0)

cos(2m2fyt) \/\/\/\/
. f
21,

1 1
]‘ 55(f_3f0)+§5(f_3f0)

cos(2m3fyt)- I

1 . 1 .
cos2nfyt = = /2™t  —g=J2Mfot
fot =5 . .
real signal positive negative
in time frequency frequency
ETHziirich
EPFL, Lecture
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|Q Demodulation

® xi(0), LPF — I(t)
A(t)
X(t) — 2cosanCtT— 90° A(t) cos2nf.t + @(t)) A Q(t)
I
> » LPF — Q(t)
® I X4(t) I(t)
2sin2nf.t
Multiplying Input Signal with Cos Signal Multiplying Input Signal with Sin Signal
X(f) B! X(f)  je—B—s
N R I R _
Spectrum fc-B/2 . fc+B/2 feB/2 fc  fc+B/2 Spectrum fcB/2 A Afc+B/2 fcB/2 fc  fctB/2 f
/ \ Negative due to the e j2nfct
gi2nfet o j2nfct minus sign of the sin’s )
Xi(f) / \ Xq(f)
In-phase [ 1 A I } 1 Real part A 1 [ _ Quadrature [ T Lmag'narypa;t ¥ I fc  2fcB/2 2fc 2A+B/2
spectrum -2f-B/2 -2f -26+B/2 f. -B/2 O  +B/2  fc 26-B/2 2f. 26+B/2 f spectrum 2f-B/2 -2fc -2fc+B/2 A l—B/z lo ¥+B/2 ] 1 l f
I(f) Q(f)
. LP filtered
LP filtered } Filtered real part quadrature Filtered imaginary part
in-phase 0 spectrum Jo f
spectrum
- ETHzirich
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|Q Demodulation

NN
| f
'fa 0 fa
_|_
j Yo()
[71 -
£ 0
i
\
|

Acos(2rtft + @)

ETH

Lowpass

() T 2cos(27ft)

il 2sin(27ft) Lowpass

ETHzirich

Quantum
Engineering
Center

Kadir Akin

Wy 2
B W = B
.f
0

o 2
—h(:}—P%—*qU |
f

1(f)

Qi(f)

Important Trigonemetric ldentities:

cos(a+b)=cos(a)cos(b)—sin(a)sin(b)
cos(a)cos(a) =1/2(cos(0)+cos(2a))
sin(a)cos(a) =1/2(sin(2a)+sin(0))
sin(a)sin(a) =1/2(cos(0)—cos(2a))

Acos(2rtft + ¢) is our signal that we want to reconstruct
Acos(2rft + @) = Acos(2rtft)cos(¢) — Asin(2rft)sin(¢p)

As known: A
Acos(p) =1 Q
Asin(p) = Q 7 .

I

Acos(2rtft + @) = Icos(2rft) — Qsin(2nft) is our signal
Lets multiply our signal with LO: 2 X cos(2rtft) and 2 X sin(2rft)

2 X Acos(2nft + @) X cos(2mft)

=2 X (Icos(2nft) — Qsin(2nft) ) X cos(2mft)

=1 X (cos(0) +cos(4nft)) — Q X (sin(4nft)+sin(0))
=1+ I X cos(4nft)) — Q X sin(4xft)

2 X Acos(2mtft + @) X sin(2mft)

=2 X (Icos(2nft) — Qsin(2nft) ) X sin(2nft)

=1X (sin(4nft) + Sin(O)) — Q X (cos(0) —cos(4mft))
= [ X sin(4wft) — Q + Q X cos(4mft)

Ifyou have I and @, you can calculate A and @, and
reconstruct your signal

A(®) =I1(6)2 + Q(1)?
A(t) cos2rft + @(t))

0]
1(t)

p(t) = tan™!
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Project Goal (Lockin_amplifier_solution.m)

) <1073 . . Input signal that we want to reconstruct 0.01 Our important signal (blue) with noisy signal (red)
S S
g 5
< -2 < -0.01 I t S |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 n pl'llll dlgng
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Project Goal

I (blue) qnd Q (red) signals
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This Week: 1Q Demodulation to measure the phase and amplitude of a signal
Step by Step, Task 1, create the test signal:

> Open lockin_amplifier.mlx file in 1Q_Demodulation_Matlab\mlIx\project folder with MATLAB.
> You can use lockin_amplifier.m version for the MATLAB version older than R2016. Nevertheless we suggest you to use .mlx (live script). If you don’t have new
MATLAB installed, you may use MATLAB Online (https://ch.mathworks.com/products/matlab-online.html).
> Search xxxxx in the file to see what you need to add or change.
> Check how our input signal signal_in is generated (lines 1-12). What is the sampling period (in ns)? What is the phase of signal _in (in degree and radian) ?
> Run Section to see the signal.
runs only runs from beginning
selected section to the end

A\ MATLAB R2021a - academic use

LIVE EDITOR INSERT

r [zl Compare = Mormal = == | Refactor = [CI |Z] section Break
o7 OO0 H . 2l QFina - = - — =1 | G
MNew Open Save — Print Go To m Bookmark ~ et Code Control Task o &g %4 Run (2 Run and Advance Step  Stop
hd - * | Export = =4 =4 4 wE| T4 Section )/ Bl Run to End -
FILE NAVIGATE TEXT CODE SECTION RUN

» F » Projects » Matlab » |Q_Demodulation_Matlab » 1Q_Demodulation_Matlath » mlx » project

[=] Live Editor - lockin_amplifier.mbx @
| lockin_amplifier.mix [ +]

HOME LIVE EDITOR INSERT

MName

5] lockin_amplifier.mb 71 Zurich Dj LE&;RIght @ Tﬁl:.li Position '- E; I':r_—l z Ig_ql Izjl I_il
EE‘ ::Eapslun:;lemn?drlaaimnm ) ) o ! Single E p L I LD Line Datatips|  Full Clearall| |Output |Qutput| Hide
] subplot_reconstruction.m Course: FEGAn Quantum Pomputing wih Superconduicting Qublts 5 Custom = [ Alphabetize Mumbers Screen\ | Output | jon Right | Inline | Code
Exercise for the Lecture/1Q Demodulation for the Measurement of Quantum States - TILES DOCUMENT TABS DISPLAY OUTPUT VIEW
Current Folder should show you only changes where to show output clears all output
project files, but not subfolders figures in your live script figures
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https://ch.mathworks.com/products/matlab-online.html

This Week: 1Q Demodulation to measure the phase and amplitude of a signal

Step by Step, Task 1, create the test signal:

Get the FFT of signal_in (line 25). Run Section.

Generate signal sl and signal s2, which are added on top of signal in. Use t range to define time interval:
signal_s1: 3 MHz cos signal with 0.002 \V amplitude, O radian phase (line 39)

signal_s2: 20 MHz sin signal with 0.0005 \VV amplitude, pi/4 radian phase (line 40)

> Get the FFT of signal _in_noisy (line 57)
»  Apply fftshift (line 58). Normalize fftshift value with number of samples (check line 26 as an example). fftshift puts 0 Hz to the middle, otherwise 0 Hz is in the

left edge, which is not conventional for FFT visualization. Run Section.

Y VYV

. Spectrum of input signal . w0t Spectrum of input signal
35 45
n
5 3r
'(.E 3.5
E 251 1 sl
5 £
= 2f 1 =25
3 ‘ o
E 15 _ . ol
S fftshift sl
£ 9t 1 .
i
0.5 .
05
%0 1 uluu zoluu aoluu 4ulcm 5uluo auluu mlun auluu 9000 °s % 4 2 0 2 4 6 8
FFT points frequency (Hz) 107
FFT result of 12.5 MHz cos without FFT shift FFT result of 12.5 MHz cos signal after FFT shift and normalization
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This Week: 1Q Demodulation to measure the phase and amplitude of a signal

Step by Step, Task 2, 1Q demodulation for extracting phase and amplitude of a signal:

Define your LO signals according to LO signal definitions at slide 29. (lines 67-71) Run Section.

Multiply signal in_noisy with LO signals to implement digital down conversion (DDC). (lines 84-85)

Use | before filterand Q before filter to define the signal (Signal 10Q) with inphase and quandrature (line 86). Formula is below.

>
>
>

YV VYV

signal

Ael =1+1iQ

l

Phase I

amplitude

In-phase and
quadrature
components

A
(p .
I
I = A cos(g)
Q = Asin(p)

Run Section. Check if the frequency components of signal in_noisy are shifted after DDC.
Generate the 128 taps boxcar filter parameters to use it as a low-pass filter. (line 98).

Run Section. You should obtain gain 1 in DC and low gain at high frequency components after FFT.

1
#taps

1 1 Il 1 I |l

1

I 1 ) >
#taps

Boxcar filter is applied on the signals to obtain | and Q values. Check slide 29. Will you get Q or —Q after boxcar filter for Q value? According to that,
multiply your filter results with 1 or -1 (Lines 109-110).

Run Section. Check the plots titled as "Spectrum after Low-Pass Filter" and "Spectrum of Low-Pass Filter". Do you think is boxcar perfect as a low pass
filter, why or why not ?
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This Week: 1Q Demodulation to measure the phase and amplitude of a signal
Step by Step, Task 3, reconstruct the signal:

Now we have | and Q components. We can extract amplitude and phase from | and Q. Then we can reconstruct our signal. A reconstruct is the amplitude,
P reconstruct is the phase. Calculate them using the formulas below. Use atan2(y,x) function of matlab to calculate the arctangent. (Line 136-137)

A\

YV V V V

10

= 2 2 _ _
A®) =IO+ Q1) p(t) = tan™1 = o

Reconstruct the signal using the formula below. (Line 139)
A(t) cos(2rft + @(t))
Run Section.
Is the reconstruction successful ? Check the phase and amplitude plots. Is it matching with your input signal’s amplitude and phase ?
Change the phase of your input signal signal _in between 0 and 2m, and check if the reconstruction is correct.

Check the plots of | and Q values and the Phase. Considering that | and Q values are pozitive or negative, phase can be at one of the four regions around the
sphere (0 to 2mr). Does it match in your plot (for example when both | and Q are negative, phase should be between = and 1.57)?

| Amplitude
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This Week: 1Q Demodulation to measure the phase and amplitude of a signal
Step by Step, Task 3, state identification:

By looking at | and Q components and their region at complex plane, we can distinguish two qubit states (e and g) after measurement.

measurements.mat file includes 3 measurement signals. Type clear all in console. Click measurements.mat. You will see 3 data sequence in workspace. In order
to automatize opening the signals, you can write load(‘'measurements.mat') at the very beginning of your code.

You expect to see your quantum signal at 12.5 MHz after analog down conversions. Since your 1Q modulation for the signal reconstruction also uses 12.5 MHz
LO signal, you can use the same code for the state identification just by changing the input.

In line 13, remove comment out for ignoring the input signal that you created: signal in = zeros(1,samples);

In line 42, remove comment out to process quantum measurement result: signal in noisy = measurement_1;

Run all code, and repeat the runs by assigning measurement_2 and measurement_3 to signal_in_noisy.

Answer the questions for each run, considering that you expect a response from your qubits as given in figures below:
When do the measurements start and stop ?
What is the qubit's state for signal 1 & 2 ?
What happens at 2.8e-5 s in signal 3 ?

Y VY

Y

YV V V VY

| Amplitude

1 1 1 1 If
- 50 0 50 100 150 200

Time, t (ns)
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Additional Sources and References
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https://ch.mathworks.com/help/control/ug/a
nalyzing-the-response-of-an-rlc-circuit.html

RLC resonance
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https://qudev.phys.ethz.ch/static/content/QSIT14/QSITNotes. pdf

https://arxiv.org/pdf/1312.1463.pdf;

http://www.cs.virginia.edu/~robins/The Limits of Quantum Computers.pdf

Introduction to Quantum Science
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https://ch.mathworks.com/help/control/ug/analyzing-the-response-of-an-rlc-circuit.html
https://ch.mathworks.com/help/control/ug/analyzing-the-response-of-an-rlc-circuit.html
https://qudev.phys.ethz.ch/static/content/QSIT14/QSITNotes.pdf
https://arxiv.org/pdf/1312.1463.pdf;
http://www.cs.virginia.edu/~robins/The_Limits_of_Quantum_Computers.pdf

Additional Sources and References

https://www.dsprelated.com/showarticle/192.php

https://wirelesspi.com/the-concept-of-frequency/ https://www.analog.com/ru/analog-dialogue/articles/complex-
https://slideplayer.com/slide/10939951/ mixers-zif-architecture-advanced-algorithms-black-magic-next-
https://en.wikipedia.org/wiki/Euler®%?27s formula generation-sdr-transceivers.html
IQ modulation and demodulation RF Mixers
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https://www.analog.com/ru/analog-dialogue/articles/complex-mixers-zif-architecture-advanced-algorithms-black-magic-next-generation-sdr-transceivers.html
https://www.analog.com/ru/analog-dialogue/articles/complex-mixers-zif-architecture-advanced-algorithms-black-magic-next-generation-sdr-transceivers.html
https://www.dsprelated.com/showarticle/192.php
https://wirelesspi.com/the-concept-of-frequency/
https://slideplayer.com/slide/10939951/
https://en.wikipedia.org/wiki/Euler%27s_formula

Additional Sources and References
Verilog In One Day

Feb-9-2014

Verification IRP’s

SystemVerilog, Vera, E, SystemC, Verilog m
i‘ifi ASIC WORLD :r"
Diractory

:
. @ Introduction

@ Block diagram of arbiter
@ Low level design

® Modules
® Code of module "arbiter”

@ Data Type
@ Operators

@® Control Statements
@ |f-else
® Case
® While

Hot jobs ® For loop

@ Repeat

@® Summary

@ Variable Assignment

https://www.nandland.com/verilog/examples/
http://www.asic-world.com/verilog/veritut.html

Coding Verilog
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Figure 4. Readout fidelity measured for two qubits in the IBM Rochester quantum system (53 qubit processor). The

https://en.wikipedia.org/wiki/Fidelity of guantum states
https://www.ibm.com/blogs/research/2020/01/quantum-limited-amplifiers/

Quantum Fidelity
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https://www.nandland.com/verilog/examples/
https://en.wikipedia.org/wiki/Fidelity_of_quantum_states
https://www.ibm.com/blogs/research/2020/01/quantum-limited-amplifiers/

Special Thanks Prof. Andreas Wallraff
Head of QEC and Quantum Device Lab (Qudev)
Head of Institute for Solid State Physics
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