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Today’s Lecture: IQ Demodulation using FPGA and MATLAB

➢ 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

DAC
125 MSPS
14bits

ADC
125 MSPS
14bits

Input signal and reconstructed signal

Lab Exercise with MATLAB

EPFL, Lecture

RedPitaya FPGA

Q
(t

)

Time, t (ns)

State identification using 
IQ demodulation

Input signal (blue) with reconstructed signal (red)

Our important signal (blue) with added noise (red)
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❑ Massive parallel processing

❑ High memory bandwidth

❑ Faster than CPUs and GPUs

❑ Challenging to program and debug

❑ Applications: Video processing, machine learning, cryptography, database acceleration,
quantum signal processing...

VC707 board including Virtex-7 FPGA 

EPFL, Lecture

Introduction to FPGA
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CPU FPGA

Architecture of CPU

• Execution loop over CPU

(3000 clock cycles + Operating System)

• Limited Parallel Processing

• DDR4 offers 20 GB/s

• Configurable parallel architecture

3 clock cycles

• Massive Parallel Processing, for Virtex-7: 

2800 Multiplier, 11200 32bits adder

• 1030 Block RAMs + DDR3 (5GB/s) offer 1726 GB/s

100 of each operation
in parallel

Example Code

• 2.8TB memory in PC, 9 hours of processing • Real-time, 260ns latency, 157 KB memory in PC 

vsWhy is FPGA Faster?

15min quantum measurement 

EPFL, Lecture

accum = 0;
for iteration = 1:100
{  c = coef(iteration);

d = data(iteration);

if (c < d)
e = (c - 2) x (d + 3);

else
e = (d - 2) x (c + 3);

accum = accum + e;
}
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assign SumAB = A + B;
assign SumCD = C + D;
assign SumEF = E + F;
assign SumGH = G + H;
assign SumABCD = SumAB + SumCD;
assign SumEFGH = SumEF + SumGH;
assign Sum = SumABCD + SumEFGH;

Verilog

assign SumAB = A + B;
assign SumABC = SumAB + C;
assign SumABCD = SumABC + D;
assign SumABCDE = SumABCD + E;
assign SumABCDEF = SumABCDE + F;
assign SumABCDEFG = SumABCDEF + G;
assign Sum = SumABCDEFG + H;

Verilog

More Efficient
in terms of latency

Your Verilog Code Describes your Hardware: Optimizations

EPFL, Lecture

SumAB

SumAB

Kadir Akin
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Xilinx Tools for Hardware-Software Co-design

Xilinx Vivado Xilinx SDK

EPFL, Lecture
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➢ DSP for Superconducting Qubits 

Overview of experiment setup

□ User applications 

(averager, histogrammer, correlator, 

state identification, machine learning)

➢ Image Processing for Ion-Traps 

FPGA in Quantum Experiments

EPFL, Lecture

Digital Micromirror 
Device
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Overview of Quantum Experiment Setup
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➢ 16 ADC (@ 2.5 GSPS) and 16 DAC (@ 10 GSPS) Channels

➢ Real-time and low-latency

❑ Feedback (1 us latency is required):

• Impossible with PC ➔ 260ns latency with FPGA

EPFL, Lecture
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Overview of Quantum Experiment Setup

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

40K

4K

1K

0.1K

10mK

300K

Cryostat PCB holder Qudev LabQubit chip design

Qubit chipQubit chip with 
connectors

Qubit chip with connectors

EPFL, Lecture
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Comparison between Quantum and Digital Circuits in terms of Gate Operations

10

Operations in classical computer Quantum Circuits

Kadir Akin EPFL, Lecture



http://lsm.epfl.ch

11Kadir Akin

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

EPFL, Lecture

Google’s Quantum Computer 
supporting 10 qubits

Control and measurement electronics used for 
17 qubits of Qudev

100 qubits would require around:

500 fast ADC and DAC channels (1-5 GSPS)
500 microwave generator channels (4-20 GSPS)
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Requirement: Scalable System for Controlling and Measuring High Number of Qubits

EPFL, Lecture

Syncronization of multiple systems for network of qubits

Cryo Link in Qudev

Network of Quantum 
Computers in Future

Ref: Simon Storz

Ref: P. Magnard, et al., Physical Review Letters, 125(26), 260502, 2020
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Control and Measurement of a Qubit

5-10 GHz Sin Wave with 
Gaussian Envelope at 

Qubit Frequency

XY control

Control

Quantum state
presents in amplitude 
and phase response

Measurement

|g

|e

5-10 GHz Sin Wave with 
Rectangular Envelope at 

Resonator Frequency

13Kadir Akin EPFL, Lecture
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Measurement of a Superconducting Qubit

Readout frequency

EPFL, Lecture

J. Heinsoo et al., Phys. Rev. Applied 10, 034040 (2018)A readout of a single qubit circuit with an LC 
readout resonator (without purcell filter),

amplitude and phase response
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Quantum Mechanics with Superconducting Qubits

Readout frequency

EPFL, Lecture

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

amplitude and phase response

𝐀 𝐭 𝐜𝐨𝐬(𝟐𝝅𝒇𝒕 + 𝝋(𝒕))

A

I

Q

𝐼 = 𝐴 𝑐𝑜𝑠 𝜑

𝜑

𝑄 = 𝐴 𝑠𝑖𝑛 𝜑
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Digital Signal Processing for Quantum Experiments using FPGA

16Kadir Akin EPFL, Lecture

DAC

DAC

Uart
DAC

ADC
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Detection Setup
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|𝑒⟩

|𝑔⟩

readout frequency

Measurement 
Output 

Line

Measurement 
Input 
Line

Readout Resonator

4.5 mm

Qubit

Qubit Drive Line Time Integration 
(adding-up consecutive values) 

FPGA

EPFL, Lecture

Amplification
Down Conversion
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Digital Signal Processing for Quantum Experiments using FPGA: Measurement

18Kadir Akin EPFL, Lecture

LO Signals

Quantum Measurement System in FPGA

Noisy Input (Blue) and Recontructed Quantum Signal (Red) 

I (blue) and Q (red) signals for the e state measurement I (blue) and Q (red) signals for the g state measurement
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Digital Signal Processing for Quantum Experiments using FPGA: Measurement

19Kadir Akin EPFL, Lecture
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Frequency (MHz)

4.5 250-500 0 400-430 25

5000

FFT of
Input

FFT after 
DDC

FFT after 
Boxcar

Shift spectrum 12.5 MHz with DDC

Removing 
noise and 

unexpected 
signals

Quantum Measurement System in FPGA
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Discrete Time FIR Filter

20

𝑥 9
𝑥 8

𝑥 7
𝑥 6

𝑧−1 𝑧−1 𝑧−1 𝑧−1

× × ×× ×ℎ0 ℎ1 ℎ2 ℎ3 ℎ15

𝑥[𝑛]
𝑥[𝑛 − 1] 𝑥[𝑛 − 2] 𝑥[𝑛 − 3] 𝑥[𝑛 − 15]

+ 𝑦[𝑛]

ℎ0 ℎ#𝑡𝑎𝑝𝑠−1

1

#𝑡𝑎𝑝𝑠

Boxcar Filter
Fs = 125 MHz (samples every 8ns)

Fs/16 = 7.8  MHz

𝑦 𝑛 = ℎ0 𝑥 𝑛 + ℎ1 𝑥 𝑛 − 1 +⋯+ ℎ𝑁 𝑥 𝑛 − 𝑁

𝑥 are inputs
ℎ are the weights
𝑦 are the outputs
𝑧−1 are the delays (register)

1/16 = 0.0625

EPFL, LectureKadir Akin
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Calculating Correlations with Histogrammer

EPFL, Lecture

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

https://www.ibm.com/blogs/research/2020/01/quantum-limited-amplifiers/
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State identification and 
feedback generation

EPFL, Lecture

Utilization example of fast quantum state identification: Resetting qubit to |g state

Q

|𝒆⟩

Threshold

I

|𝒈⟩
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Utilization example of fast quantum state identification: Resetting qubit to |g state

Q

|𝒆⟩

Threshold

I

|𝒈⟩

EPFL, Lecture
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Lab Exercise: IQ Demodulation using MATLAB

➢ 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

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

Input signal and reconstructed signal

Lab Exercise

EPFL, Lecture

A

I

Q

𝐼 = 𝐴 𝑐𝑜𝑠 𝜑

𝜑

𝑄 = 𝐴 𝑠𝑖𝑛 𝜑
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Pulse

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

EPFL, Lecture
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Euler’s Formula 

Kadir Akin

𝑒𝑖𝜋 = −1 𝑒𝑖0 = 1

𝑒𝑖
𝜋
2 = 𝑖

𝑒𝑖2𝜋 = 1

𝑒𝑖
3𝜋
2 = −𝑖

for any real number x

𝐜𝐨𝐬(𝟐𝝅𝒇𝒕 + 𝝋)

=
𝒆𝒊 𝟐𝝅𝒇𝒕+𝝋

𝟐
+
𝒆−𝒊 𝟐𝝅𝒇𝒕+𝝋

𝟐

EPFL, Lecture
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Euler’s Formula 

Kadir Akin EPFL, Lecture

𝑒𝑗2𝜋𝑓0𝑡 = 𝒄𝒐𝒔2𝜋𝑓0𝑡 + 𝑗𝒔𝒊𝒏2𝜋𝑓0𝑡

𝒄𝒐𝒔2𝜋𝑓0𝑡

𝒔𝒊𝒏2𝜋𝑓0𝑡

𝒄𝒐𝒔(2𝜋𝑓0𝑡)

𝒄𝒐𝒔2𝜋𝑓0𝑡 =
1

2
𝑒𝑗2𝜋𝑓0𝑡 +

1

2
𝑒−𝑗2𝜋𝑓0𝑡

𝒄𝒐𝒔(2𝜋2𝑓0𝑡)

𝒄𝒐𝒔(2𝜋3𝑓0𝑡)

𝑥 𝑡 = 𝑒𝑗2𝜋𝑓0𝑡 𝑋 𝑓 = 𝛿 𝑓 − 𝑓0

1

2
𝛿 𝑓 − 𝑓0 +

1

2
𝛿 𝑓 − 𝑓0

1

2
𝛿 𝑓 − 2𝑓0 +

1

2
𝛿 𝑓 − 2𝑓0

1

2
𝛿 𝑓 − 3𝑓0 +

1

2
𝛿 𝑓 − 3𝑓0

positive 
frequency

negative
frequency

real signal 
in time
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IQ Demodulation

Kadir Akin EPFL, Lecture

Multiplying Input Signal with Cos Signal Multiplying Input Signal with Sin Signal

90˚

LPF

LPF

I(t)

Q(t)

𝟐𝒄𝒐𝒔2𝜋𝑓𝑐𝑡

𝟐𝒔𝒊𝒏2𝜋𝑓𝑐𝑡

x(t)

xi(t)

xq(t)

𝐴 𝑡 𝑐𝑜𝑠 2𝜋𝑓𝑐𝑡 + 𝜑(𝑡)
A(t)

I(t)

Q(t)
𝜑(t)
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IQ Demodulation

Kadir Akin

Lets multiply our signal with LO: 2 × 𝑐𝑜𝑠 2𝜋𝑓𝑡 𝑎𝑛𝑑 2 × 𝑠𝑖𝑛 2𝜋𝑓𝑡

2 × 𝐴𝑐𝑜𝑠 2𝜋𝑓𝑡 + 𝜑 × 𝑐𝑜𝑠 2𝜋𝑓𝑡
= 2 × 𝐼𝑐𝑜𝑠 2𝜋𝑓𝑡 − 𝑄𝑠𝑖𝑛 2𝜋𝑓𝑡 × 𝑐𝑜𝑠 2𝜋𝑓𝑡
= 𝐼 × (𝑐𝑜𝑠 0 +cos 4𝜋𝑓𝑡 ) − 𝑄 × (𝑠𝑖𝑛 4𝜋𝑓𝑡 +s𝑖𝑛 0 )
= 𝑰 + 𝐼 × cos 𝟒𝝅𝒇𝒕 ) − 𝑄 × 𝒔𝒊𝒏 𝟒𝝅𝒇𝒕

2 × 𝐴𝑐𝑜𝑠 2𝜋𝑓𝑡 + 𝜑 × 𝑠𝑖𝑛 2𝜋𝑓𝑡
= 2 × 𝐼𝑐𝑜𝑠 2𝜋𝑓𝑡 − 𝑄𝑠𝑖𝑛 2𝜋𝑓𝑡 × 𝑠𝑖𝑛 2𝜋𝑓𝑡

= 𝐼 × 𝑠𝑖𝑛 4𝜋𝑓𝑡 + 𝑠𝑖𝑛 0 − 𝑄 × (𝑐𝑜𝑠 0 −cos 4𝜋𝑓𝑡 )
= 𝐼 × 𝒔𝒊𝒏 𝟒𝝅𝒇𝒕 − 𝑸 + 𝑄 × 𝒄𝒐𝒔 𝟒𝝅𝒇𝒕

If you have I and Q, you can calculate A and 𝜑, and 
reconstruct your signal

𝐴 𝑡 = 𝐼(𝑡)2 + 𝑄(𝑡)2 𝜑 𝑡 = 𝑡𝑎𝑛−1
𝑄(𝑡)

𝐼(𝑡)

𝐴 𝑡 𝑐𝑜𝑠 2𝜋𝑓𝑡 + 𝜑(𝑡)

𝐴𝑐𝑜𝑠 2𝜋𝑓𝑡 + 𝜑 = 𝐼𝑐𝑜𝑠 2𝜋𝑓𝑡 − 𝑄𝑠𝑖𝑛 2𝜋𝑓𝑡 𝒊𝒔 𝒐𝒖𝒓 𝒔𝒊𝒈𝒏𝒂𝒍

𝐴𝑐𝑜𝑠 2𝜋𝑓𝑡 + 𝜑 = 𝐴𝑐𝑜𝑠 2𝜋𝑓𝑡)cos(𝜑 − 𝐴𝑠𝑖𝑛 2𝜋𝑓𝑡)sin(𝜑

As known:
𝐴𝑐𝑜𝑠 𝜑 = 𝐼
𝐴𝑠𝑖𝑛 𝜑 = 𝑄

A

I

Q
𝜑

𝐴𝑐𝑜𝑠 2𝜋𝑓𝑡 + 𝜑 is our signal that we want to reconstruct

Important Trigonemetric Identities:

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 2𝜋𝑓𝑡 + 𝜑

EPFL, Lecture
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Project Goal (Lockin_amplifier_solution.m)

LO

Input Signal
with Added 
Signals and 

noiseFFT

FFT

Input Signal

After DDC

Low Pass
Filter FFT of

I & Q

EPFL, Lecture
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Project Goal

Amplitude

I & Q

Phase

Reconstructed 
Signal

Reconstructed 
Signal

(Zoomed)

EPFL, Lecture
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This Week: IQ 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 IQ_Demodulation_Matlab\mlx\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 
selected section

runs from beginning 
to the end

changes where to show output 
figures in your live script

clears all output 
figures

EPFL, Lecture

Current Folder should show you only 
project files, but not subfolders

https://ch.mathworks.com/products/matlab-online.html
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This Week: IQ 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_s1 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, 0 radian phase (line 39)

signal_s2: 20 MHz sin signal with 0.0005 V 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. 

FFT result of 12.5 MHz cos without FFT shift FFT result of 12.5 MHz cos signal after FFT shift and normalization

fftshift

EPFL, Lecture
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This Week: IQ Demodulation to measure the phase and amplitude of a signal

A

I

Q

𝐼 = 𝐴 𝑐𝑜𝑠 𝜑

𝜑

𝑄 = 𝐴 𝑠𝑖𝑛 𝜑

➢ Boxcar filter is applied on the signals to obtain I 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 ? 

1

Step by Step, Task 2, IQ 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 I_before_filter and Q_before_filter to define the signal (Signal_IQ) with inphase and quandrature (line 86). Formula is below.

➢ 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. 

#taps

EPFL, Lecture
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This Week: IQ Demodulation to measure the phase and amplitude of a signal

Step by Step, Task 3, reconstruct the signal:

➢ Now we have I and Q components. We can extract amplitude and phase from I 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 𝑡 = 𝐼(𝑡)2 + 𝑄(𝑡)2 𝜑 𝑡 = 𝑡𝑎𝑛−1
𝑄(𝑡)

𝐼(𝑡)

𝐴 𝑡 𝑐𝑜𝑠 2𝜋𝑓𝑡 + 𝜑(𝑡)

➢ Reconstruct the signal using the formula below. (Line 139)

➢ 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 2𝜋, and check if the reconstruction is correct.

➢ Check the plots of I and Q values and the Phase. Considering that I and Q values are pozitive or negative, phase can be at one of the four regions around the 

sphere (0 to 2𝜋). Does it match in your plot (for example when both I and Q are negative, phase should be between 𝜋 and 1.5𝜋)? 

EPFL, Lecture
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This Week: IQ Demodulation to measure the phase and amplitude of a signal

Step by Step, Task 3, state identification:

➢ By looking at I 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 IQ 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 ? 

Q
(t

)

Time, t (ns)

EPFL, Lecture
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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

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

EPFL, Lecture

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
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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
RF Mixers

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

IQ modulation and demodulation

Additional Sources and References

EPFL, Lecture

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

Quantum Fidelity

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

Coding Verilog

Additional Sources and References
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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/
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