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§ Fundamentals of quantum computing
§ Qubit realization & control
§ Cryo-CMOS components
§ Scalable quantum computers
§ Quantum communication, sensing, and metrology

Quantum Computing Syllabus (Week 1-7) 5



§ Choosing a technology
§ Cryo-CMOS modeling
§ LNAs
§ ADCs

Acknowledgements: Fabio Sebastiano, Marcel Pelgrom, Akira Matsuzawa
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Choosing a Technology



Interfacing Qubits with Classical World

§ Carrier frequency: 100 MHz – 15 GHz, 70 GHz
§ Pulses: 10 – 100 ns
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Interfacing Qubits with Classical World

§ Carrier frequency: 100 MHz – 15 GHz, 70 GHz
§ Pulses: 10 – 100 ns
§ Readout techniques for spin qubits: ESR, EDSR

Control

Read-out

Quantum bits (qubits)

9

Quantum 
processor

(≪ 1 K)

ESR: Electron spin resonance – EDSR: Electric dipole spin resonance
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Quantum Computing Stack

© H. Homulle 2016
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Quantum Computing Stack Detail
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Which Technology? 12

§ Single-electron Transistors (SET)
§ Superconducting devices (RSFQ, RQL, SQUID)
§ Low-temperature semiconductors:

Device Lowest useable 
temperature Limit

Si BJT 100 K Low gain
Ge BJT 20 K Carrier freeze-out
SiGe HBT 4 K (or lower?) ?
Si JFET 40 K Carrier freeze-out
III-V MESFET 4K (or lower?) Lower freeze-out?
CMOS 4 K (30 mK ?) ?VLSI 

integration

Most used



Cryo-CMOS Quantum-Classical Interface 13
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Cryo-CMOS Modeling



Cryo-CMOS Parameters

§ Speed depends on
• Mobility
• Threshold voltage
• Parasitic resistance/capacitance

2)(
2 TGSOXDS VV
L
WCI -×= µ

15
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Mobility over Temperature
§ Mobility increases at 

low temperature
§ It depends on the 

materials used in the 
substrate

16

Aoki, 1987



Mobility in Modern Process (14 nm) 17

M. Shin, 2014

L=10μm

3.5x

2x
In general:
• More current, less 

parasitics
• Higher speed
• Lower thermal noise



Cryo-CMOS Characterization: Transistors

0.16µm Bulk 
CMOS

4K

300K

300K

4K

40nm Bulk 
CMOS

4K

300K

300K

4K
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Cryo-CMOS characterization: passives
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Transistor Mismatch

§ Mismatch: difference between nominally equal devices
§ Fundamental for ADC/DAC design
§ Degradation up to 2x
§ Root cause not yet understood

20

Das, 2014



Low-Noise Amplifiers (LNAs)
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Classification of Amplifiers

§ Signal amplifiers
• Deliver small signals

§ Power amplifiers
• Deliver large signal
• Classified based of efficiency (A, B, AB, C, D, E, …)

23



Amplifier Performance

§ Gain
§ Linearity
§ Bandwidth
§ Noise
§ Immunity to interference
§ Impedance matching
§ Power dissipation

24

𝑉𝑖𝑛 𝑉𝑜𝑢𝑡



Common-source Amplifier Example 25

𝑉𝑖𝑛

𝑉𝑜𝑢𝑡

𝑉𝐷𝐷 Gain



§ Input-referred noise (voltage) source 𝑣𝑛 is a random process with mean 
𝑣𝑛 = 0 and variance 𝑣'(.

§ This source accounts for all sources of noise in the amplifier.

§ The output noise is computed as:
𝑣)*+_'( = 𝑎- 2 𝑣'(.

§ If referred to output impedance 𝑅𝐿, then the noise power 𝑃𝑛 =
0!

!1"#

2"
.

Noise in Amplifiers 26

𝑣𝑛

𝑉𝑜𝑢𝑡+- G = 𝑎1
𝑅𝐿



§ Noise sources: thermal noise, shot noise, 1/𝑓 or flicker noise, RTS.

Noise in Amplifiers (2) 27



§ White noise:
• Thermal noise (resistors, 

transistors)
• Shot noise (diodes, transistors)

§ Flicker or 1/𝑓 noise (non-
idealities of fabrication).

§ Random telegraph signal (traps 
and fabrication non-idealities).

Noise Sources 28



§ Gain may not be linear, thus output voltage is represented as:
𝑉)*+ = 𝑎4 + 𝑎- . 𝑉5' + 𝑎( . 𝑉5'( + 𝑎6 . 𝑉5'6 + 𝑎7 . 𝑉5'7 +⋯

§ Thus, if 𝑉5' = 𝐴 . cos𝜔𝑡, then

𝑉)*+ = 𝑎4 + 𝑎- . 𝐴 . cos𝜔𝑡 + 𝑎( . 𝐴2 . cos2𝜔𝑡 + 𝑎6. 𝐴3 . cos3𝜔𝑡 +⋯

= 𝑎4 + 𝑎- . 𝐴 . cos𝜔𝑡 +
-
(
𝑎(𝐴( +

-
(
𝑎(𝐴( . cos2𝜔𝑡 +⋯

Linearity – Harmonic Distortion 29

𝜔 2𝜔0



§ Higher order distortions can be similarly computed:
𝐻𝐷3 =

0$
70!

𝐴(, 𝐻𝐷4, …

§ Total harmonic distortion:

𝑇𝐻𝐷 = ∑5𝐻𝐷5(

Linearity – Harmonic Distortion (2) 30

𝜔 2𝜔0 3𝜔 4𝜔 5𝜔



§ Let 𝑉5' = 𝐴 . (cos𝜔1𝑡 + cos𝜔2𝑡), then:
𝐼𝑀3 =

60$
70!

𝐴( = 3𝐻𝐷3. 

§ Intermodulation creates harmonics at distances Δ𝜔 = 𝜔2−𝜔1.

Intermodulation 31

2𝜔2− 𝜔12𝜔1− 𝜔2 𝜔1 𝜔2

Δ𝜔 Δ𝜔 Δ𝜔



§ Let 𝑉5' = 𝐴 . cos𝜔1𝑡
then:

𝑉𝑜𝑢𝑡 = 𝑎-𝑉5' + 𝑎6𝑉5'6

= 𝑎- +
6
7
𝑎6𝐴( . 𝐴 . cos𝜔𝑡 + 0#

7
𝐴6 . cos3𝜔𝑡

1-dB Compression Point 32



§ Amplifier has frequency limits due to internal passive components.

Bandwidth 33



§ Input/output characteristic = odd function 
§ No offset (𝑎0 = 0), no even-order distortions (𝑎𝑖 = 0,𝐻𝐷𝑖 = 0, 𝑖 = 2,4,6, …) 
§ Mismatch destroys, in part, this property. 

Differential Amplifiers 34

+

−
𝑉𝑖𝑛 𝑉𝑜𝑢𝑡



§ Reduce 1/f noise 
§ Cancel mismatch effects (to a first approximation)

Chopper Amplifiers 35

+

−
𝑉𝑖𝑛 𝑉𝑜𝑢𝑡

+

−



Chopper Amplifiers (2) 36

Before chopping After chopping 



Noise Specifications 37



Noise Specifications (2) 38



Noise Specifications (3) 39



Noise Figure 40



Noise Temperature 41



Example 42



Cascading Amplifiers 43



Immunity to External Interference 44



Immunity to External Interference (2) 45



Immunity to External Interference (3) 46



Impedance Matching 47



Coaxial Cables 48



Coaxial Cables (2) 49



Impedance Matching 50



Example: Spin qubit Reflectometry 51



Power 52



Feedback Amplifier (Inverting OpAmp) 53



Feedback Amplifier (Non-inverting OpAmp) 54

𝑉𝑖𝑛

𝑉!"#
𝑉$%

= 1 +
𝑅&
𝑅$%

Special case: 𝑅5' → ∞ 𝑜𝑝𝑒𝑛 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 𝑎𝑛𝑑 𝑅; → 0 (short), 
then gain = 1 (buffer)



Analog-to-Digital Converters (ADCs)
Digital-to-Analog Converters (DACs)



Analog-to-Digital Converters (ADCs)
Part I



Cryo-CMOS Quantum-Classical Interface 57
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§ The world is analog
• Temperature, humidity, 

speed, light,… are analog!

§ Computing is digital

ADC

DAC
time

Temperature [°C]

time

1 0 0 1 0

1 1 0 0 1

1 1 0 0 1

Bit 3

Bit 2

Bit 1

Digital-to-Analog Converter

Analog-to-Digital Converter

Analog vs. Digital 58



ADC Example: Spin-qubit Readout

§ Decide if qubit is ⟩|0 or ⟩1
§ Need for 1-bit ADC

Source: I.T. Vink

RQPC+ΔR
+
Vbias

-

IQPC= IQPC  + ΔIQPC

ADCG Digital
Processing

1 bit

59



Sampling and Quantization
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Sampling

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-1

0

1

Am
pl

itu
de

 [-
]

Time [µs]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-1

0

1

Am
pl

itu
de

 [-
]

Time [µs]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-1

0

1

Am
pl

itu
de

 [-
]

Time [µs]

fin = 1 MHz
fs  = 10 MHz

fin = 11 MHz
fs  = 10 MHz

fin = 21 MHz
fs  = 10 MHz

61



Sampling (BW < fs/2)

§ Replica of the signal around harmonics of sampling frequency (fs)

fBW fs 2fs 3fs-BW-fs-2fs-3fs

Spectrum before sampling

Spectrum after sampling

fBW fs 2fs 3fs-BW-fs-2fs-3fs

62



Sampling (BW > fs/2)

§ Aliasing: overlap of spectral components distorts signal in baseband

ffs 2fs 3fs-fs-2fs-3fs

Spectrum before sampling

Spectrum after sampling

ffs 2fs 3fs-fs-2fs-3fs

BW-BW

63



Nyquist Frequency

§ Nyquist frequency: fs= 2∙BW
§ Anti-aliasing filter attenuates high frequency (> fs/2) components 

before sampling
§ Beware! Also noise (always present) folds back into baseband.

fsBW

Anti-aliasing filter

f

64



Sampling Limitations – Noise 65

+
Vsample

-

VIN

Csample

Vdd

0

VIN

R

Csample

Equivalent to

+
Vsample

-

+
Vsample

-Csample

RVn,R

Thermal noise due to switch 
resistance R (4 kTR)



Sampling Limitations – Noise (kT/C)

66

Csample
Noise 
(rms)

SNR
(VIN=1 Vpp)

ENOB
[see slide 31]

1 pF 64 μV 78 dB 12.6 bit
10 pF 20 μV 88 dB 14.3 bit

100 pF 6 μV 98 dB 16 bit

• Lower noise ⇒ Larger cap
• Larger cap ⇒ less BW or more power

– BW ~ gm/C and gm ~ I

f

R1

R2

R1> R2

𝑉!"#$%&' = #
(

)*
𝑆+,,. 𝑓 𝐻(𝑓) '𝑑𝑓 =

𝑘𝑇
𝐶

<
$

%&
𝑆'(,* 𝑓 𝐻(𝑓) !𝑑𝑓 = <

$

%& 4𝑘𝑇𝑅
1+ 2𝜋𝑅𝐶𝑓 ! 𝑑𝑓

= <
$

%& 4𝑘𝑇𝑅
1+ 2𝜋𝑅𝐶𝑓 ! 𝑑𝑓 =

4𝑘𝑇𝑅
2𝜋𝑅𝐶<$

%& 1
1+𝑥! 𝑑𝑥

=
2𝑘𝑇
𝜋C lim

+→%&
atan𝑥 =

𝑘𝑇
𝐶

+
Vsample

-Csample

RVn,R

Noise PSD

𝐻 𝑓 =
1

1+ 𝑗2𝜋𝑅𝐶𝑓
𝑆'(,* 𝑓 = 4𝑘𝑇𝑅

Derivation:
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Sampling Limitations – Jitter 

§ For a sine input:
𝑉 = 𝐴sin𝜔𝑡

Δ𝑉 = Δ𝑡 𝜔 cos𝜔𝑡
§ Integrating over a full sine period:

𝜎'( =
)-

(𝜎#
(𝜔( ⇒ SNR = *

+.-,-

Δ𝑉 ≅ Δ𝑡
𝑑𝑉
𝑑𝑡

timeΔt

ΔV

Input signal

67

Jitter



Sampling Limitation – Jitter

B. Murmann, “ADC Performance Survey 1997-2017”

68
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Sampling and Quantization
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Quantization

§ ∆ = quantization step, LSB (least significant bit)
§ N = number of bits of the ADC
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Quantization – Signal Spectrum
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Quantizing a sinusoid at 10 kHz
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Quantization Noise
Transfer characteristics Quantization error (e)
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Variance of the quantization error (assuming uniform distribution):



Signal-to-Noise Ratio (SNR)

§ For a full-scale sinusoid: 𝑃! =
"#]^_

`

#

§ Since 𝑃$ =
"`

%#
, 𝑆𝑁𝑅 = &a

&b
= 1.5 ⋅ 2#'

§ In dB:

𝑆𝑁𝑅() = 10 log%*
𝑃!
𝑃$
= 6.02 ⋅ 𝑁 + 1.76

𝑁 =
𝑆𝑁𝑅() − 1.76

6.02
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Effective Number of Bits (ENOB)
§ Consider

• Real ADC (noise, quantization noise, distortion) with given SNDR
• Ideal ADC (only quantization noise) with same SNDR

§ The number of bits of the ideal ADC is

𝐸𝑁𝑂𝐵 =
𝑆𝑁𝐷𝑅cd − 1.76

6.02

§ Often ENOB ≠ number of (marketing) bits

But:
• SNR = 130 dB
• INL > 6 bits
⇒ ENOB < 21 bits

Example: 

76.102.6
25.1 2

+×=
×=

NSNR
SNR

dB

N
Recall for q-noise:
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Effective Resolution Bandwidth (ERB)

§ SNDR changes with input frequency
§ ERB is the bandwidth at which SNDR drops by 3 dB (0.5 bits)
§ Note: we are observing variations of the input frequency, not of the 

sample frequency

EN
O

B 
(b

it)

Input frequency (MHz)
300200100

3

4

5

6

SNR

SNDR

3dB (0.5bit) down

ERB
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Quantization Limitations – Matching

§ Mismatch causes errors in the input/output transfer

Vin

Dout

VMAXVMIN

∆

≠ ∆
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Effect on ADC: INL, DNL
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Differential non-linearity (DNL)

Integral non-linearity (INL)

MonotonicityOut



Effect on ADC: INL, DNL (2) 78

[Datasheet: AD9201]

DNL INL



ADC Architectures
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Flash ADC

Features:
Low resolution (<8 bits)
High power
Ultra-high speed
Large input capacitance

R

R

R

R

R

R

R

VREF

+

+

+

+

+

+

+

+

R

R

vin

E
ncoder

Comparators

Digital
out

Vin

Dout
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Successive-approximation ADC (SAR)

S/HVin

SAR logic
b1 b2 b3 Bout

DAC Vref
VDAC

Comparator

b1 b2 b3 b4 b5 b6
MSB LSB

VFS

V0

Binary search

Vin

VDAC

Vin

b1=1 b2=0 b3= 1 b4= 1

Features:
Moderate resolution
Low power
Relatively low speed
Easy calibration
Needs multi-clock

82



Dual-slope ADC

Features:
High resolution (<20b)
Low speed
Small DNL
Small area/power

R

C
VIN

-VREF

VIN

Fixed charging
time

Fixed discharging
current
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Pipelined ADC

§ Cascaded stages contribute less noise
§ Scaling of the stage

vin M-bit
Stage Stage 2 Stage

k-1
Stage

k

MSB
LSB

+ ×2M

Amplifier

S/H ADC
(M bit)

DAC
(M bit)

Conventional M is 1 or 1.5
Features:
High resolution
Low power
Moderate speed

84
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A 1-bit ADC?
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§ Multi-bit ADCs
• Many thresholds
• Many comparisons
• Prone to errors
• Complex circuit

§ 1-bit ADCs
• One threshold
• One comparison
• Robust
• Simple circuit
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Why 1-bit ADC? 
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Basic Idea of a Sigma-Delta ADC

1

0

Input Output

Quantization 
error

1-bit
ADCacc+Input

D S
+

-

1-bit
DAC

87



Thank you
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