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Intro to qubit readout and parametric amplifiers
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High fidelity qubit measurements

Google
Quantum Al

Arute et al, Nature 574 (2019)
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Measurement of the outcome of a quantum algorithm
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High fidelity qubit measurements

m Z U r I C h Andersen et al, Nat. Phys. 16 (2020)
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Critical for error correction
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Efficient qubit measurement for feedback

d Feedback circuit
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Vijay et al, Nature 490 (2012)
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Efficient quantum
measurement enables
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Efficient qubit measurement for entanglement

Qubit 1 Roch et al, PRL 112 (2014)
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Dark Matter search

Backes et al, Nature 590 (2021)

Efficient quantum measurements as tools for
fundamental physics

08/10/23, Lecocq 8



Parametric amplifiers
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J. Aumentado, IEEE MW magazine 21 (2020)
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Outline

= Dispersive Readout of superconducting qubits

" |ntro to parametric amplifiers:
= Resonant parametric amplifiers

" Traveling-waves parametric amplifiers

=  Future directions
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Quantum measurements

_ 1
' H=hwdta + > hwqb; + g(o.d + o_ah

g < kUc — Wy

- N\ A 1 N\ N\ A A
H=hw.a"a+ ~hw, G, — X6, ata

Phase

9)

W, frequency
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Quantum measurements

— N S "= _ a)Ca' a 2 wqo-z XO-Z a'a
X —/— — -
1 : _ i\ . )
o o H=h wci)(—E ata +ivk(ata, —aa))
/ ' l '
da i [,\ ﬁ] [ +] Dispersive shift Dissipation External drive
. — 7 a; &,& = 1
dt h
. . K ~ At R
a = —l(wc + X)a — Ea + \/E(am — ain) Expectation values a = (a)
K a — ae—iwdt

—iwdt

a = _l(wc T Y — (Ud)a—za +\/Ec’im

Ain = Ain€
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Quantum measurements

K

a = —i(a)ci)(—a)d)a—ia+ﬁﬁm @ 14, | 1 2
_ R
\ Wq = W -0.54
r . . K R -1.04
dyg = —lxag — g + Vkd;y, P(a)
< K 0.4
de — +l)(ae — < U, + \/E&m (.2
\ 2 ) .'I,‘..
T A. Blais et al, Rev. Mod. Phys. 93 (2021)
2 2
SNR = ZKf |ae — ag| = 2K|ae — ag| T
0
2
({Te) = {I4))
SNR < 1: weak measurement SNRgyp = 5 >— = NSNR
05 + Op

SNR > 1: strong measurement (projective)
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The flip side of quantum measurements

Helsenberg microscope
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Any interaction that is strong enough to acquire
information about the system is necessarily strong
enough to affect the system

Qubit dephasing rate is proportional
to measurement rate

K
['4 =E|ae —ag|2

T

SNReyp = UZKf |ae — ag|2
0

In an efficient measurement,
the measurement rate
matches the measurement
induced dephasing rate

See also: Gambetta et al PRA 77 (2008), Bultink et al APL 112 (2018), Touzard et al PRL 122 (2019)
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Amplifiers for high fidelity readout

(a) P4 A. Blais et al, Rev. Mod. Phys. 93 (2021)
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——>F =99.9
SNR=10
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=  Typical readout power is limited: |a|? = %% = 10leadsto P = —130dBm @ 6GHz,xk =2y = 2n X 1MHz

hw

"  Linear measurement are sensitive to microwave vacuum noise: PSD,,. = - = —207 dBm/Hz
= Ideally, SNR = ~——— = |a|?
K PSDyqc
=  Room temperature instruments have more noise: PSD;, ¢t = —146 dBm/Hz leadingto SNR =1in 25 ms > T;

High fidelity readout requires amplification
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Typical measurement chain
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An old idea

08/10/23, Lecocq

New amplifier

battles “noise”

Four-stuge junction diode amplifier was developed at Bell
Telephone Lahoralories by Rudo¥ Engelbrecht for mili
tary applications. Operctes on 11e “varnctor” principle,
ulilizing the variable capacitance 3 diodes. With 400-me.
signal, the gain is 10 db. over the 100-me. band.

The tremendous possibilities of semiconductor sdence are again illus-
trated by a recent development from Bell Telephone Laboratories. The
development began with research whiel Bell Lubora ories scientists were
conducting for the U. 8. Army Signal Corps. The objective was to reduce
the “noise™ in UHF and microwave receivers and thus increase their
ability to pick up weak signals.

Radio-Electronic Engineering mag. Vol. 29, No. 11 (1958)
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Parametric coupling
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fw, = w, —w,

Frequency Conversion (FC)

////////////////////////////

H =~ k.(a+a)(b+bh)

Weak residual dispersive coupling

Net coupling
Proportional to modulation strength

Ifw, = w, +w,

Parametric Amplification (PA)
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Coupled mode equations

H = hwzata + hwp,b™h — 2ag(a+ ah) (b + b1

(da i~ TN
E:_E[Q'H] = —iw,a+ig(b+ b")
\ db i e A
e —+[b,A] = ~iw,b + ig(a+a')
g

a = lg (bei[wa_wbiwp]t + b*ei[wa‘l'wbiwp]t)

[9 = lg (aei[wb_waiwp]t + a*ei[wa‘l'wbiwp]t)
\

08/10/23, Lecocq

—

a={(d)and b = (13)
29 = 29 cos(wpt) = g(e'“rt 4 e~twph)

b — be—iwbt

—
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Coupled mode equations

(.
'

a=ig (bei[wa—wbiwp]t n b*ei[wa+wbiwp]t)

b=ig (aei[wb—waiwp]t n a*ei[wa+wbiwp]t)
\

Case 1: w, = wg — Wy

Case 2: w, = wg + Wy

a =ig(b + bt + ...)
b =ig(a+ apdiont +...)

08/10/23, Lecocq

a=ig(b* + be>¥wpt 4 ...)
b=ig(a” +ac®ort +...)

a=igb”
b=iga



Coupled mode equations

Case 1: w, = wg — Wy

a=igb i=—g*a
b =iga b =—g°b

a(t) = a(0) cos(gt) + b(0)sin(gt)
b(t) = b(0) cos(gt) + a(0)sin(gt)

Energy exchange between two modes

Unlike Jaynes-Cummings: Swap is
independent of the states being transferred!

08/10/23, Lecocq
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Coupled mode equations

Case 2: wy, = wg + Wy
a=igb” i = g*‘a
b=iga* b = g°b

a(t) = a(0) cosh(gt) + b*(0)sinh(gt)
b(t) = b(0) cosh(gt) + a*(0)sinh(gt)

Exponential growth with time
leads to gain

08/10/23, Lecocq
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Parametric interactions in superconducting circuits

H = hw,ata + hwy,b™h — 20g(t)(@+ at (b + b

Josephson junction at zero dc current

1
U=5LDr L(D) = Ly[1 + é17]

2
Current at signal frequency I,~a + a’
Current at idler frequency I,~b + bT
Current at pump frequency I,

Total current = I, + 1, + I,

1.5 um

18.0 um

1
i U= ELO[l + &g + 1y + L) |y + 1 + 1)?
M. Castellanos-Beltran, APL 91 (2007)

1
L(I) = Po U

1 1
= Lolg + - Lolg+ 5 Lo§l51adp + -

I [1-1° /2

¢ | 20, = Wy + Wy 4 waves mixing
c D a
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Parametric interactions in superconducting circuits

H = hw,ata + hwy,b™h — 20g(t)(@+ at (b + b

1
U=§L(CI>)I2 L(®) =Ly[1+EP?+ - ]around d =0

4113
® 4 Current at signal frequency I,~@ + aT
5 Current at idler frequency Ib~13 + bt
Flux at pump frequency &,
FL PR Applied 7 (2017) 1 2 2
- Lecocq, PR Applie U= EL0[1 + &0, (I, + 1)
L] 1 2 1 2 1 y)
L(®) = D U =>Lolf +7Lolg+ 5 Lo§ @ ladp + -+
COS (T[ CP#O)

2w, = Wy + wp 4 waves mixing
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Parametric interactions in superconducting circuits

H = hw,ata + hwy,b™h — 20g(t)(@+ at (b + b

@

1

o EE v U==L(®)[* L(®)=Ly[1+€ed+--]around ® = d,/4

i QL) | 2

| D Current at signal frequency I,~a + a'

3 ><‘>< - Current at idler frequency Ib~13 + bt

Flux at pump frequency @,

v Y | .

F. Lecocq, PR Applied 7 (2017) U — ELO[]‘ + Eq)p](la + Ib)z
Ly 1 2 1 2 1
L(P) = D U =>Lol§ +5 Lolg+ - Loe@p oIy + -
coS (n CTO)

Wy = Wg + Wp 3 waves mixing
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Parametric interactions in superconducting circuits

H = hw,ata + hwy,b™h — 20g(t)(@+ at (b + b

J) SQUID RF SQUID SNAIL

PR E { —— o Ho X L, mlim _ _?Dfif%fl_ } V. V. Sivak, PRapplied (2020)

a X

Many other options (ATS, kinetic inductance, etc...)

N. Roch, PRL 108 (2012)
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Outline

= Resonant parametric amplifiers

08/10/23, Lecocq 27



Resonant Parametric Amplifiers

05/26/2023, Lecocq

Reflection gain (dB)
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Graph Theory

J. Aumentado L. Ranzani G. Peterson

References:

Ranzani and Aumentado, New J. Phys. 17, 023024 (2015) GLOBAL NORMALIZATION

F. Lecocq at al, Phys. Rev. Applied 7, 024028 (2017)

) NORMALIZATION BY MODE
F. Lecocq et al, Phys. Rev. Applied 13, 044005 (2020)

G. Peterson’s thesis, Parametric Coupling between Microwaves and Motion in Qantum Circuits (2020) NO NORMALIZATION
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Driven and damped harmonic oscillator

Harmonic oscillator with angular frequency w, and loss rate ik,
A, = hwga'a - M, = (wa __) ata

Coupled to N port with rates Ka,j with k, = Z?’ Kaq,j

A, = (wa——)a+a+zhz i (@ - aaf, )

Let’s just consider a single external drive term a;,, with coupling
rate Kext an internal loss rate K‘"tand no internal drive term

08/10/23, Lecocq
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Driven and damped harmonic oscillator

(da _ N ik, N \/; Expectation values a = (&)
— =1l —W — | a K a; .
dt ¢ 2 a Fourrier transform a[w] = [ dt e'®ta

da” K, ,
— * ext * ' _
kdt = l(a)a+ 5 )a + |Kqg Qpn iK, 1

)(ai=[a)$a)a+—
)

A

2

alw] = iyxe+lw] Kcethain 2
|Xa+|

)
/ K )
at [w] — iXa— [w] Kgxtazkn a /e 8‘ Kq
L " I’IFOI’I’ . C:_)

ext

Input-output formalism: a;,, + a,yr = VK a

ext
Qout 2Kg

Saa(®) = 1 kg + K" = Kq

A, Kgq + 2i(0 — wy) B
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Driven and damped harmonic oscillator

10 \ 2
Saa(@) i 1
w) = _ — _
aa K, + 2i(w — wy) = 0 3 1
O R
— 20
& E
—_— _10
1
-20 ‘ ) . | |
10 0 10 2 0 1 2

detuning [MHz] Re[S_ ]
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Driven and damped harmonic oscillator

10 | 2
2KcEXt

—1 _
Ky, + 21(w — wy) 1

Saa(@) =

aa

S, | [dB]
Im[Saa]
O

10

-20 ‘ ) . | |
-10 0 10 -2 -1 0 1 2

detuning [MHz] Re[S_ ]
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Driven and damped harmonic oscillator

Kgxt — Kélnt

10 | 2
2KcEXt

—1 _
Ky, + 21(w — wy) 1

Saa(@) =

S, | [dB]
Im[Saa]

10

-20 ) . | |
-10 0 10 -2 -1 0 1 2

detuning [MHz] Re[S_ ]
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Driven and damped harmonic oscillator

10 | 2
2KcEXt

—1 _
Ky, + 21(w — wy) 1

Saa(@) =

aa

S, | [dB]
Im[Saa]

10

-20 ‘ ) . | |
-10 0 10 -2 -1 0 1 2

detuning [MHz] Re[S_ ]
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Driven and damped harmonic oscillator

10 \ 2
Saa(@) i 1
w) = _ — _
aa K, + 2i(w — wy) = 0 3 1
O R
— 20
& E
—_— _10
1
-20 ‘ ) . | |
10 0 10 2 0 1 2

detuning [MHz] Re[S_ ]
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Parametric am pl ifier Lecocq, at al Phys. Rev. Applied 7 (2017) ler

H LK IKp\ ~p~ ~p ~a ~ -
761 - (wa - 7“) ata + /;cht(amin —aal)+ <a)b — —”) b*b + |kg*(b*hy, — bb],) — 2g(t)(@+ a" (b + b")

A

(
a -+ g)(a+b* — iXa+1/Kcelxtain
kb* — g xp-a = iYq- /Kgxtb;‘n

08/10/23, Lecocq 37




Parametric am pl ifier Lecocq, at al Phys. Rev. Applied 7 (2017) ler

a+ gXa+b™ = iXas Kgxtain Wa,p = Wab a = Zl\/EeiCD a;
out 1—C 1—C in
b 2i\VC  _: 1+C :
* * o ext 1. * ext _ out _ —1P T4 in
kb — g Xp-a = l)ca-,/ Ky Din  Kab =Kap 1—c © 1-—C

08/10/23, Lecocq 38



Parametric am pl ifier Lecocq, at al Phys. Rev. Applied 7 (2017) ler

C=05->+VG=~3

14+C 2iVC o
(aout) ¢ T € (%’n) € =09 - VG~ 20
L . T
bout _ Zlﬁe—iq) 1+C bin C =099 - VG = 200
1-C 1-C

(aout>_(1 ()) (ain>
boue) ~ 0 1/ \bj,
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Parametric amplifier

-20 0 20 -20 0 20
detuning, 6 [MHZz] detuning, 6 [MHZz]
08/10/23, Lecocq

Lecocq, at al Phys. Rev. Applied 7 (2017)

>
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Parametric am pl ifier Lecocq, at al Phys. Rev. Applied 7 (2017) ler

-20 b— - - - - -
-20 0 20 -20 0 20

Detuning, d, /27 [MHZ] Detuning, §, /27 [MHZ]
08/10/23, Lecocq 41



Josephson Parametric Amplifiers

05/26/2023, Lecocq

Frequency (GHz)
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Josephson Parametric Amplifiers

\ i

A

25

Reflection gain (dB)

-5 I I I I I I | I I
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Phase sensitivity

) Wb
n
o|
.5b* ;O 1 s 6b |

_wg 0 w‘lo) (:J 1
. X=—(a+a")
When w, = w; = ?p, phase sensitivity becomes obvious \/E
P=—(a"-0a)
()~ (25 %)) i
t = T
Aout G—1 \/E Ain
Every parametric amplifier is phase-
N sensitive, in the right linear
(Xout) _ 1 (Xin) combination of signal and idler.
Pout 0 T Pin

08/10/23, Lecocq 44



Measurement fidelity with a parametric amplifier

08/10/23, Lecocq

Q [mV]

-40

30 F

20 F

10 F

10|

2r

30F

40
-40

-20

| [mV]

20

40

Q [mV]

1. Prepare qubitingore
2. Drive cavity, acquire voltage V(t) = |V (t)|e '?at
3. Multiply voltage by cos(w,t) (or sin(wgt) )
4. Integrate voltage over T = 1us to get | (or Q).
5. Repeat 10* times.
=25
F =88%
-40 T
=20 ¢ 102+
Or 4%‘ 4
8
101 L
20
40 1 1 : 100 | | i
-40 -20 0 20 40 40 -20 0 20 40
| [mV] | [mV]
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Outline

" Traveling-waves parametric amplifiers

08/10/23, Lecocq 46



Traveling wave amplifiers

7
signal frequency (GHz)

Macklin, ..., Siddiqi, Science 350 (2015)

08/10/23, Lecocq Also: Planat, PRX 10 (2020), Ranadive, Nat. Com. 13 (2021), Esposito, Applied. Phys Lett. 119 (2021) and Ranzani, PRapplied (2021) 47



Primer to TWPA: telegrapher equations

[(z,t) L&z 1(z+6z1t)

#_’W'__gm'__'m """ L: inductance per unit length
| C5ZT‘ T —|w— C: capacitance per unit length
V(z,t) V(z+ 6z,t)
f
dl(z,t
V(z,t) —V(z+ 8z,t) = Léz E’)t )
< AV(z+ 6z,t)
I(z,t) —1(z+ d8z,t) = Coz
\ ot So-called telegrapher equations
[ _V(@+ézt) _ 0l(zY) (W@ _ 0z
< 0z ot ; - 9z ot
B dl(z + 6z,t) _c dV(z + 6z,t) dl(z,t) _c aV(z,t)
. 0z Jat L 0z ot
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Primer to TWPA: telegrapher equations

[(z,t) L&z 1(z+6z1t)

—’_fm._—;fw.__rm .....
WT‘ T 7
V(z,t) V(z+ 6z,t)
( oWzt _ 01z (02V (2, t) OV
9z ot 022 atz

A
A

d0l(z, t oV (z t 02%1(z,t 0%1(z,t
al@y) _ V(D) (0, @0 _
| 0z dt | 0z2 dat?

(V(Z, t) — V+ei[a)t—kz] + V—e—i[wt—kz]
) vt . V-

[(z,t) = — etlot—kz] _ ___ o-ilot-kz]
\ (z,t) 7€ T~ .

N

(@)

[
)~ ]
"c3<
| €
I
S
®
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Primer to TWPA: telegrapher equations

B NN NN i
[

f av L(l )_ I = Ip(z)ei[kpz_wpt]+ I, (2)etlksz—wstly [ (2)etlkiz-wit]l 4 ¢ ¢,
9z
< aI_CaV 2wp = ws +
. dz ot 1| > 1151, 11
I,(z) = I,(0)e'*p¥? (91.(2 .
P ) il (et AB ~ Ak = 2k,
I 3
~ P 0li(z) . .~ . Ak = 2k, — ks — k;
AT \ éz = ixk;13(z)e'F” P

08/10/23, Lecocq

L(I) = Ly[1 + €l + &I7]

Singe JJ at zero currente = 0
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Primer to TWPA: telegrapher equations

(91.(z .
; Si ) ixksl; (z)e'*F? AB = Ak — 2xk,
ai(z) . Ak =2k, — k. — k;
é - leiIS (Z)elAﬁZ ’ ’ l Yaakobi, PRB 87 (2013)
. 0% e -
40H m— B ,U_ﬂ'4: Num. y
If AB = 0 (phase matching condition) 35| _ﬁp‘ziﬂi - f,«""
BPLU =0.3: Ana. 4
307 B; =0.2: Num. .,,." g
I.(z) = I,(0) cosh(gz) + I;(0)sinh(gz) o B =02 Ana J/
I;(t) = ;(0) cosh(gz) + I(0)sinh(gz) B |
L, © | x"" ..-*"'H
withg ~ pfkek; X~
c ol y, -
Exponential growth with st ’,"" ____,_.-""
position ) =

0 200 400 600 800 1000 1200 1400 1600 1800 2000
08/10/23, Lecocq X 51



Primer to TWPA: phase matching and dispersion engineering NIST

AB = Ak — 2xk,
Ak = 2k, — kg — k;

(@) Pump

VWAV

(Jonemense sssasass

Signal

rxx\f\f\f\f\f\f\f\f\f\f\j\j\/\j\/\/\/\/\/\/
Idler
xxxxxx . x«-\«x.fan;\.-'U‘w'\ﬁf‘aﬂﬂmmm\/v\mmw

Esposito, Applied. Phys Lett. 119 (2021)

08/10/23, Lecocq

Wavevector (a

U.050

0.045

0.040

EI.CI 6.5 ?I.E]I 7.5 E!EI
Frequency (GHz)
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Dispersion engineering for 4WM

Resonant phase matching Periodic loading

Mack/m Science 350 (2015)

Reverse Kerr (SNAILs) oY o

(b)

TTTTTTT"”’ 2

Ranadive, Nat. Com. 13 (2021) Planat, PRX 10 (2020)

08/10/23, Lecocq Also: Esposito, Applied. Phys Lett. 119 (2021) and Kow, arXiv 2201.04660 (2022) 53



Dispersion engineering for 4WM

Resonant phase matching

4 5 6 7 8
signal frequency (GHz)

Macklin, Science 350 (2015)

Reverse Kerr (SNAILs)

40
(a) — pump at 6 GHz

30 —— pump at 8 GHz RSt \
P —— pump at 10 GHz \1.._
= -—— theory
= 20
3

10~

Ranadive, Nat. Com. 13 (2021) Freauency [GHz]

08/10/23, Lecocq

12

Gain (dB)

Periodic loading

N
w

N
o

[y
wl

—_
o

o

i
ul

(%2}
T

6 7
Frequency (GHz)

Planat, PRX 10 (2020)

Also: Esposito, Applied. Phys Lett. 119 (2021) and Kow, arXiv 2201.04660 (2022)
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Dispersion engineering for 3WM

T - Y e | U — Po — 2 4 ...
T J_X__l_ L(D IC\/l_I_Z/Z Lo[l+el +é&1%+ -]

I
_l_ _f T Perfect 3WM for ¢ = 0 (somewhat

achieved for dc-biased JJ)

* No dispersion of the pump with its amplitude
* Everything would be phase match in linear transmission line
* Bad because other processes would arise (pump/signal harmonics)

* In practice, exploit parasitic and intentional dispersion engineering

08/10/23, Lecocq Esposito, Applied. Phys Lett. 119 (2021), Malnou, PRXQ 2 (2021) and Peng, PRXQ 3 (2023) 55



Lingo

"  Four-wave mixing: 2w, = ws + w; (for example in non dc biased JJs or SQUID)

=  Three-wave mixing: w, = ws + w; (for example in dc biased JJs or SQUID, JPC, SNAILs)

=  Non-degenerate amplifier: signal and idler live in separate resonators

= degenerate amplifier: signal and idler live in the same resonator

=  Singly-degenerate vs doubly- degenerate amplifier: degenerate amplifier using 3WM or 4WM

=  Phase-preserving amplifier: correlation between signal and idler are not used, amplifiy both quadratures, adds noise

=  Phase-sensitive amplifier: correlation between signal and idler are used, single quadrature amplifiers, noiseless.

08/10/23, Lecocq 56



Outline

=  Future directions

08/10/23, Lecocq 57



Parametric amplifier requirements

*" Tunability and bandwidth

08/10/23, Lecocq

wy /27 (GHz) ®

Frequency (GHz)

81 |

7.9

Device C
35
30+ =
/ﬂ———,\ Z
/ 2 z
| FAY 5 w1l NN
5 3
{: SR A —\\¥
(@] , -
T : ¥
. . . ‘ 9154 = %
-1 -0.5 0. 0.5 = Y
Pexif2m o e b,
101 b
N. Roch, PRL (2012) e
5,
065 00 05
O/,
4.0 V. V. Sivak, PRapplied (2020)
3.0
25 &
z
2038
[=9
15 2 —_
@] N
1.0 =
@
0.5 R
LI—1
T T T T T 0.0
—0.4 —0.2 0.0 0.2 04 0.6
Flux bias, ®/®,
G. Peterson, Thesis (2020)

P. Winkel, PRapplied (2020)
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Parametric amplifier requirements

= Tunability and bandwidth g i 8

-5 T T T T T T T T T
5.5 5.6 5.7 5.8 59 6.0 6.1 6.2 6.3 6.4 6.5 ~
Frequency (GHz) 56 57 58 59 60 61 6.2 6.3

Frequency (GHz)
G. Peterson, Thesis (2020)
T. Roy, APL (2015)

Sat. Pow (dBm)

T T T T T T T

4 5 6 7 8 9 10
signal frequency (GHz)

C. Macklin, Science (2015)

Also: Naaman & Aumentado, PRXQ 3 (2022), R. Kaufman arXiv 2305.17816 (2023)
08/10/23, Lecocq 59



Parametric amplifier requirements

Failure

Compression

= Power handling

P, (dBm)

Noise tloor

P

P, (dBm)

1dB Compression point: Power when G is reduced by 1dB (20%)

_ . pJPA20dB gain

08/10/23, Lecocq 60



Parametric amplifier requirements

tailoring nonlinearity to increase power handling

B power at cavity output (dBm)
-125 -120 -115 -110 -105 -100
§ L 1 1 - 1 L II
5 ..1]0
®10'q " 900, -
S i So) :
= OQ;; . 14 dB
= 10'3 1 X headroom
. & :
= P handl 210 '
ower handling
S :
B 10 ' B
< T T . T
1 10 100

n

C. Macklin, Science (2015)

E + +

g —100{ 4 _, 7108dBm ++ + +Tot ++ ++tee e g st o4tit

I gt b Tt et g et
o + * e

E —1401 " .

V. V. Sivak, PRapplied (2020)

Goal: P4~ — 100dBm to — 90dBm for readout 10 to 100 qubits

R Kaufman, ..., M Hatridge, In Preparation (2023)
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Parametric amplifier requirements

LO q | ADC

®_@_ Q‘ Probe RF 105K
: 10%K

Normal Metal Coaxial
-..|
n
(#)]
()
=

G~40 dB
Tn~2-5K

E‘QNB T=1K

Superconducting
Coaxial

T=20mK

= Low system added noise o Q

u © =%

Resonator + Qubit‘ JPA

J. Aumentado, IEEE MW magazine 21 (2020)
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Definitions and formulas

linear measurements, classical power spectral densities (therefore account for vacuum noise)

. .- Nin Nout 1 1 1
Noise of an amplifier: Nout = G(Nip + Ngga) N = E(aTa + aat) = ——+ =
eksT — 1
B 1
"= 1+ 2Ny
Units and conversions: Typical values @ 6GHz:
N in quanta/s/Hz~quanta * Vacuum noise PSD ~ — 207 dBm/Hz
* Room temp noise PSD ~ — 174 dBm/Hz
PSD = hwN in W /Hz * Typical Signal Analyzer / Digitizer PSD ~ — 147 dBm/Hz

And 10 * log;o(PSD X 103) in dBm/Hz



Noise of a parametric amplifier is set by the idler

linear measurements, classical power spectral densities (therefore account for vacuum noise)

. .re Nin Noue 1 1 1
Noise of an amplifier: Nout = G(Nijy + Nyga) N = E(aTa + aat) = — n >

(a?ut> ( VG VG - 1> (a;n) i(; > Niu M= 1T 2N
bout G—1 \/E bin I A NG

S.t = GN§, + (G — DN,

G —1 1 Standard
NSy =G| NS, +——N} | = G(NS, + N.) = Ngga= = quantum
G z limit



Noise of a parametric amplifier is set by the idler

linear measurements, classical power spectral densities (therefore account for vacuum noise)

. o e Nin Nout 1 1 1
Noise of an amplifier: Nout = G(Nip + Ngga) N = E(aTa + aat) = o +3
eksT — 1
(a) AMPLIFIER INPUT (b)  MIXING PROCESSES (c) AMPLIFIER OUTPUT
Q.. 4 Q. t \/G(&_IE + %> Vac. noise
- —>
M\
(ATZ) VG(Qu) [ .~
- -rt} ¢ { A {:22 ) (in &:n_:_f/ I
Qi) p----41 % " (Qin) p----71=3 ¢ |/GAQ2 + 1)
i bin ; '
i vac. ,
() L, (L) V(L) Lo

P. Krantz, ..., W. D. Oliver, App. Phys. Rev. 6 (2019)



Phase sensitive amplifier can be noiseless

linear measurements, classical power spectral densities (therefore account for vacuum noise)

Nin Nou
Noise of an amplifier: w . Noye = G(Nipy + Nggg)
vG 0 X X
X out X n il S
—_— 1 G, Nadd
Pout O _’E Pln Ni}‘:l N(fut

Nout = GNj = Nggq= 0

Phase sensitive amplification can

NP, =N} /G be noiseless (unitary, reversible)



Phase sensitive amplifier can be noiseless

| will consider that we are performing linear measurements, therefore account for vacuum noise

Nin Nou
Noise of an amplifier: * Nyt = G(Niy + Nggg)
W)
(a) AMPLIFIER INPUT 30 -
Qin 0 % NFE==-_ ' __-"‘."""'--._l A am———
(a] F 3
ot 2 /CIATE)
<ﬁf1?l> 4 - 1 < = >I
R — L (Qu|- > 4 =/ (AQ2
(Qu) -2 i visen e / —=ao
i 2\@{;“} Iﬁllt
: T ITE 2T E Fre b= I

(I.,) I, ’ Pump-phase angle, A8 (rad)

P. Krantz, ..., W. D. Oliver, App. Phys. Rev. 6 (2019)



Definitions and formulas

linear measurements, classical power spectral densities (therefore account for vacuum noise)

Nin Nou
Noise of an amplifier: . Nout = G(Nip + Ngaa)
( —
U]
N N Ngga= 1 Naten
Noise of an attenuator: i > Nyy: = WNy + (1 —)Ngeen= n(Niy, + Nygq) with < 1 1
Nottn=—5— 15
\ eksT — 1
Units and conversions: Typical values @ 6GHz: hw
_—
_ kpT 20 GHz
N in quanta/s/Hz~quanta * Vacuum noise PSD ~ — 207 dBm/Hz 1K
* Room temp noise PSD ~ — 174 dBm/Hz
PSD = hwN in W/Hz * Typical Signal Analyzer / Digitizer PSD ~ — 147 dBm/Hz

And 10 * log;o(PSD X 103) in dBm/Hz



Friis formula

Friis formula:
|
No=N, +2y M
SN G GGy

Consequence 1: loss before amplification is bad, but loss after amplification can be ok

G, = 10* = 40dB

1 —
N;= 10 = N, = N, + T" Nipss = 10.00005
1 = 0.5, Njpss = 0.5 !
— 4 __
G, = 10* = 40dB 1 —n N,
N;=10 = Ny = ——— Njpss + — = 205
n = 0.5 Nyss = 0.5 1 1

08/10/23, Lecocq 69



?.
.
0

=

Q
=
©
&

I

wid

IS

wid
©

=




The truth about amplifiers

= And that’s ok for typical qubit projective readout:

B
)
G
£
=
=
K

10

F = erf((niTy/2) -

Your amplifier is

o |g> state I — § Eg mi A
104 « o> state s quantum limited,
5 1 % 107 4 % 107 4
0" 0 500 1000 1500 L 0 500 1000 1500
Time (ns) Time (ns)
S. S. Elder, PRX (2020)
(I)oxt — (I)l
100! ] —o- Without JPA
20 -10 0 10 20 — SNR — 3
homodyne signal (mV) H 10°,
E :
High fidelity can be achieved e JPA,G =20dB
without perfect efficiency 0 £0 100 180

Photon number i J. Aumentado

D. Gusenkova, PRapplied (2021)

08/10/23, Lecocq Ancilla based readout: Z. K. Minev, Nature (2019) and R. Dassonneville, PRX (2020) 71



The truth about amplifiers

= But critical for specific experiments

Your amplifier is NOT _
quantum limited 4

New “quantum-limited” amplifier

= Vacuum squeezing

= Analog quantum feedback

=  Quantum sensing

J. Aumentado

08/10/23, Lecocq 72



How to characterize system noise

= The right way to do it: use a calibrated noise or signal source

(a)
Signal in

Signal out

— ] —
104 SNTJ PO Q) HH 1
2 : @ 02
30 . 43[
—4p—{sqz I q4p
50 t 45 -
6p—{WQED } i SP6T Switch Bank o™
% . Squeezing (JTWPA output) reference plane / aha
ey
J. Qiu, Nature Physics 19 (2023) F. Lecocq, PRL 126 (2021)

Many pitfalls, look out for a review on that coming up

or reach out to the noise police (J. Aumentado, M. Malnou, or myself)

08/10/23, Lecocq 73



How to characterize system noise

= The sanity check: check roughly your “noise rise”

Friis formula:
|
No=N, +2y MNa |
SN G GGy

Nior = G3(G2(G1(Niyy + Ny) + N3) + N3)

Monitor power spectral density on a spectrum analyzer (or measurement histogram standard deviation)

= Sequentially turn on amplifiers, starting from the closest to your spectrum analyzer or digitizer, ending
with “coldest” amplifier (HEMT or parametric amplifier). Measure how much the noise rised.

=  Compare measurement with spec sheets and best estimate of loss

Red flag: | turned on my parametric amplifier, see gain, but do not see a noise rise

See questions at the end

08/10/23, Lecocq 74



Parametric amplifier requirements

Increasing gain typically reduce
bandwidth and power handling

25

" High enough gain

Reflection gain (dB)

5.5 5.6 5.7 5.8 5.9 6.0 6.1 6.2 6.3 6.4 6.5
Frequency (GHz)

G. Peterson, Thesis (2020)
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How much gain is enough gain?

Friis formula: Gs = G1G203 ...
]
No=N, +2y M
SN G GGy

Consequence 2: diminishing returns after overwhelming the noise of the following amplifier

JPA HEMT

20
H H 61=0dB=>Ns=O+T=20
G 10dB N 1+20 2.5
= - = — —_— = /.
" ! 2710
N1=§ N,= 20 1 20
for G; > 1 Gl_ZOdB=>NS_§+1_OO_O-7
N G 30dB N 1+—20 0.52
= e = — = .
Ng= N, +—= ! S 271000
Gq "
= 40dB = N. = — = (0.502
G, 0d s 2+10000 0.50

08/10/23, Lecocq 76



How much gain is enough gain?

Friis formula: Gy = G1G,G3 ...
|
N, =N +N2+ N3 +
TG GiGy

Consequence 2: diminishing returns after overwhelming the noise of the following amplifier

JPA HEMT

[
oo

-2 I | | i i i I I |

-5 0 5 10 15 20 25 30 35 40 45
08/10/23, Lecocq Quadrature gain (dB) 77

=
Il
N =
=
|
N
=
Signal-to-noise ratio improvement (dB)
o0
I



Parametric amplifier requirements

= Directionality

08/10/23, Lecocq 78



Typical dispersive qubit readout

Paik et al. PRL, 107 (2011)
NI e el ¥)

J. Aumentado, IEEE MW magazine 21 (2020)

08/10/23, Lecocq
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The circulator problem?

Large 5|ze take up reaI estate
lﬁm,ulﬂ-» I

G,
T ax DA % T

=
Rymarz,..., DiVincenzo, PRX 11 (2021)

See also: Roushan,..., Martinis, Nature Phys. 13 (2017)
08/10/23, Lecocq 80



The circulator problem?

Large 5|ze take up reaI estate Loss limit efficiency

F=erf(yntln/2)

4 e |g'> state
107 ¢ x |e> state

|
g '»' y»
6w

2y 1 ;,‘\

3 w1 e e
< g # Y
l- . /

L8 S E /
| B2 = B y
(= A
* " e
Ol SN, -
| B e
= (>
i v

10"F

Efficiency 10_020 TR
0<n<1

homodyne signal (mV)

G

Ej ) ( ><EJ - C

- -~

Rymarz,..., DiVincenzo, PRX 11 (2021) noise

|
N
7N
] |
|

Q
| |
1

/

See also: Roushan,..., Martinis, Nature Phys. 13 (2017)

08/10/23, Lecocq 81



The circulator problem?

Large 5|ze take up reaI estate

o e
, N
L= =
[ S
el
‘g AT
f
&= v

Magnetic fields prevent integration

G

—_—

T oax o DA %

= =

Rymarz,..., DiVincenzo, PRX 11 (2021)

See also: Roushan,..., Martinis, Nature Phys. 13 (2017)
08/10/23, Lecocq

Loss limit efficiency

Liu,..., Devoret, PRX 6 (2016)

Rossi, .., Schliesser, Nature 563 (2018)

Roch, ..., Siddigi, PRL 112 (2014)

other
quantum
x system

Efficiency
O0<n<1

noise

82



The need for directional amplifiers

4 )

Nonrecip.
Preamp

cQED —

\_ y, \_
shield

L. Ranzani, J. Aumentado, IEEE MW magazine 20 (2019) Traveling wave devices

J. Aumentado, IEEE MW magazine 21 (2020)
* Multi-pump parametric devices

08/10/23, Lecocq 83



Traveling wave amplifiers

4 5 6 7 8 9 10
signal frequency (GHz)

50 ym
| —— |

________________________

Macklin, ..., Siddiqi, Science 350 (2015)

Pros:
* Many GHz of bandwidth

! 3D Transmon

* High dynamic range

N & Cons:
= * High pump power
Qubit control Directional Isolator
& readout Isolator coupler

* Residual reverse gain

08/10/23, Lecocq Also: Planat, PRX 10 (2020), Ranadive, Nat. Com. 13 (2021), Esposito, Applied. Phys Lett. 119 (2021) and Ranzani, PRapplied (2021) 84



Parametric nonreciprocity

Pozar, Microwave engineering

Ground

planes
Ferrite
disks Stripline
conductor
Isolated
Necessary ingredients: Parametric implementation:
* |Interferometer * Superconducting resonators
* Nonreciprocal phase shift  Parametric frequency conversion

08/10/23, Lecocq 85



Field Programmable Josephson Amplifier NIST

Theory: FC: Frequency Conversion
Ranzani and Aumentado, NJP 17 (2015) PA: Parametric Amplification
Metelmann and Clerk, PRX 5 (2015)
@)
," _________________________________________ )
! |
| — |
| —— |
! |
! |
L=Lo+8 | |
| — - i FC or PA
5, = |8, ]etrt ™D ;
i |
! |
! |
l }
fw, = w, —w, fw, = w, +w,
H;, x 6;ab’ ++b H;, x §;ab ++b+
Frequency Conversion (FC) Parametric Amplification (PA)
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Field Programmable Josephson Amplifier NIST

Key info:

Nb/Al/Nb trilayer

aSi dielectric
Gradiometric SQUID

On-chip bias

08/10/23, Lecocq



FPJA: three tunable resonances Lecocq, at al Phys. Rev. Applied 7 (2017)

. Network Signal . ] | ' o ]
~ Microwave Anpalyzer Analyzer ~ :
dcBias  drives N N L7 N
Olelel)iE| SN . H—
w @ w @ 8 6 + J
o .
L + > 5t . |
o ;
B 3| <] h L 4 | /—_\ 1
s Y
i 3 l.- L I | * .o
04 02 0 02] 04
EJ Flux, ®© [(DO]
-[Bias e || @I—TI_ | Mode i | & [GHz)|5 [MHz]| 52" [MHz]
27 2w 2
300 _]
L \l/ | a | 4155 | 298 1.4

000 1| b 5.756 29.5 1.2
gt c | 7915 | 593 2.4

P

B 5(I)jk(t) \/3&5 8(1),((

A S : g-k(f) —
) ! 4V oP 09

NILST Boulder {%
APS March Meeting 2017 Advanced Microwave Photonics Group 58/48




FPIA, first building block: frequency conversion Lecocg, at al Phys. Rev. Applied 7 (2017)

_ See also: Abdo, .., Devoret, PRL 110 (2013)
Wap = Wy — Wg Lecocq, .., Teufel, PRL 116

(2016)
Gab~VEKq<p

-50 0 50 -50 0 50
detuning, ¢ [MHz] detuning, 0 [MHz]

NILST Boulder {%
APS March Meeting 2017 Advanced Microwave Photonics Group 50/48




Lecocq, at al Phys. Rev. Applied 7 (2017)

FPIA, first building block: frequency conversion

_ See also: Abdo, .., Devoret, PRL 110 (2013)
> Wap = Wy — Wg Lecocq, .., Teufel, PRL 116
w (2016)
b ~
@ Yab KqKp

0y
1 f * S > FC
Wh Wy w

aout ei‘i’ab blIl

DoS

A Y

. .i¢. . :
- ab
Qin € bout

|S;1| [dB]

Near ideal conversion (loss<0.5dB)

Pump phase imprinted in the conversion

| S| [dB]

-50 0 50 -50 0 50
Detuning, §, /27 [MHZ] Detuning, 8y /27 [MHZ] NIST Boulder {%
Advanced Microwave Photonics Group
90/48

APS March Meeting 2017




Lecocq, at al Phys. Rev. Applied 7 (2017)

FPJA: circulation

wP See also: Sliwa, PRX 5 (2015)

A A

DoS

~
-~

Loop phase: @p0p = Pap + Puc — Pac

Interference happens for o0, = +90°

NIST Boulder h
Advanced Microwave Photonics Group
91/48

APS March Meeting 2017



FPJA: circulation Lecocq, at al Phys. Rev. Applied 7 (2017)

- wgc - See also: Sliwa, PRX 5 (2015)
| P >l D »
% “Wab Whe
() op Oc
71 — Iy _.' \-—-—-—_ -
fr 13 rr S =
0 R
o Saa Sab S,e
S -10
=
w -20

S| [dB]

8 3

[

[
OO OO

i

) S ca S cb S cc
T, -10
E ‘‘‘‘‘‘‘ . 4 - )
t’s—s 20 aoui/ ‘ ¥ \bin
0 A 1 o
-50 0 50 -50 50 -50 0 50 Qin bout

NILIST Boulder

Advanced Microwave Photonics Group

Detuning,d, /27 [MHZ] Detuning,d, /27 [MHZz] Detuning,d. /2= [MHz]
i
92/48

APS March Meeting 2017



FPJA: circulation Lecocq, at al Phys. Rev. Applied 7 (2017)

= See also: Sliwa, PRX 5 (2015

q,loop__go [deg] ee also: Sliwa ( )
Saa Sab m Sag
Sbb D SbC
Scb Scc

NILST Boulder {%
APS March Meeting 2017 Advanced Microwave Photonics Group 53/48



FPJA: directional amplification Lecocq, at al Phys. Rev. Applied 7 (2017)

See also: Sliwa, PRX 5 (2015)

|Sjx| [dB]

|Sjk| [dB]

|S;%|[0B]

-50 0 50 -50 0 50 -50 0 50
Detuning, §, /27 [MHZz] Detuning, 6, /27 [MHz] Detuning, 6. /27 [MHz]
i
94/48

NILIST Boulder

Advanced Microwave Photonics Group

APS March Meeting 2017



Field Programmable Josephson Amplifier

input -—|/m}-|-|ﬁ\|—. output No pump: open circuit
. T -+ 1 W,
internal T ><f1 >‘—|— —_ 1 pump: Frequency converter Phase sensitive or insensitive amplifier

Wy =
’ D v @-insens. (p-sens.
| ! amp. amp.

Ié) é + é | pumps
3 pumps: Circulator Directional phase insensitive amplifier
@-insens.
= 3 resonators : © amp. [
= 1SQUID
= All-to-all parametric coupling 4 pumps: Directional phase sensitive amplifier
Phys. Rev. Applied, 7 024028 (2017) ) [
Phys. Rev. Applied, 13 044005 (2020) .
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Field Programmable Josephson Amplifier

Lecocq, at al Phys. Rev. Lett. 126 (2021)

Signal in

Signal out Pros:

 Ultra-low noise

* Fully integrable on-chip

Cons:
7 GHz 11 GHz 11GHz 7GHz +  Limited bandwidth
@ W, ® W, @ W @ W,
Q Q Q 8 * Limited dynamic range
C C |e> |g> |e) |g>
/_\ /_\ T — e —
U u e —— S ———

Efficiency 1y, = T /Ty = 72%

08/10/23, Lecocq 96



Conclusion NIST

Amplifier as enabling
technologies:

* High fidelity readout
* Quantum sensing
* Quantum feedback

* Scaling

Amplifier research:

e Parametric interactions

* nonreciprocity

Lt
e
-

97
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Problem: noise rise

n = 3dB n = 3dB n = 6dB n=10d5
Tioss = 0.01K Tioss = 300K
| Spectrum
Analyzer
= G = 37dB ,
4]\? 2_0‘1152 3 3K 2 G = 40dB 1 Noise floor
dd = o =
L 6 CHz ’ Ty = 200K PSD = —141 dBm/Hz
21

1. What the system added noise of this amplifier chain?

2. What s the noise rise on the spectrum analyzer when turning on the RT amp only, then adding
the HEMT, then adding the JPA

What happens to the system noise and HEMT noise rise if | do not use the RT amp?

4. What happens to system noise and noise if the first attenuator goes form 3dB to 10dB?

w
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Cheat sheet

Nin ou
Noise of an amplifier: =G, Naaq . Nout = G(Nip + Ngaa)
N N Naga= T Naten
Noise of an attenuator: i > Nyy: = WNy + (1 —)Ngeen= n(Niy, + Nygq) with < 1 1
Nottn=—5—+ >
\ em —1
Units and conversions: Typical values @ 6GHz: hw
_—
kpT 20 GHZ
* Vacuum noise PSD ~ — 207 dBm/Hz 1K

N in quanta/s/Hz~quanta
* Room temp noise PSD ~ — 174 dBm/Hz
PSD = hwN in W /Hz

And 10 * log;o(PSD X 103) in dBm/Hz

Noise temperature : kgTy = AwN, 434 NOT A GOOD METRIC WHEN kgTy < hw
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How to read an amplifier spec sheet

Parameter Test Condition Value

ZVA-183-S+

Gain
ZVA-183X-S+ = —
ek ORL
Generic photo used f “‘\ (5 Pids
ZVA-183+ ' OIP3
AZVA-183X+
Param Typ. Units .
P Noise temperature : kg Ty = AwNygg NOT A GOOD METRIC WHEN kgTy < hw
Frequency Range — MHz
Gain 26 dB . . SNR;p, TN
Gan Flaness 10 B Noise factor (referenced to RT noise): F =——=1+-—>1
Qutput Power at 1dB compression 24 dBm
Noise Flgure >0 = Noise figure: NF = 10 * log;o(F)
Output third order intercept point +33 dBm
Input VSWR 1.35 1
Output VSWR 1.25 1 NF = 3dB - Ty =290K
DC Supply Voltage 12* v . . .
Supply Current — A Passive device with X dB of losshasa NF = X

Voltage Standing Wave Ratio: a measure of input/output impedance match

147 . Z-Z . . .
VSWR = 1+:r: with I' = ﬁ the reflection coefficient at input/output (aka return loss)
- lT40

VSWR =135 ->T = -16.5dB

Directivity: D = 521 X 512 (521 = Gand 512 is rarely SpeC'd) Compression, Third order Intercept: later in the presentation
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