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IBM Quantum

Quantum linear circuits

% +Q) L~01nH 1 K%20GH:Z
memm C~10pF

s |0
\ wo /21 =1/27vVLC ~ 5 GHz




IBM Quantum

Quantum linear circuits

Quantum Hamiltonian

1
H = —Q + —
2L
3) Fo
2) ;B
1) S
Need unique addressability for 0) hawg

use as a qubit




Quantum non-linear circuits: Josephson junction

SC

\/ple’ifbl I

Insulator

S A A PP

SO O O O R " "
SRR PP 2R3 0000

IBM Quantum
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JAP, 125(16), 165301 2019

Ie At T=0K

I-Rn — QEA

V. Ambegaokar, A. Baratoff, PRL 10,
486-489 (1963)



IBM Quantum

Quantum non-linear circuits: Josephson junction

SC '
\I]l — \//01 er“bl Josephson Energy [J — /V[dt
Insulator T.®
| U = ; & (1 — cos(2nP /D))
SC \112 — \/p2 €Z¢2 v

U=FE;(1—-cos(2nP/Pg))
Josephson phase

0 = 1—¢2:27T(I)/(I)Q

See Feynman’s lectures Vol. III Sec 21-9 for a derivation



IBM Quantum

Quantum non-linear circuits: Josephson junction

SC '
\I]l — \//01 er“bl Josephson Energy [J — /V[dt
Insulator T.®
| U = ; & (1 — cos(2nP /D))
SC \112 — \/p2 €Z¢2 v

U=FE;(1—cos(2r®/Pg))

Josephson phase

0 = 1—¢2:27T(I)/(I)() rductance d]_ 1
_______________________ Induct i ZV(t)
| = [C SIH(ZW(I)/(I)()> b
V =& b= 271, cos(2md /Dy)

See Feynman’s lectures Vol. III Sec 21-9 for a derivation



Quantum non-linear circuits: Josephson junction

=

| (YOR
hwg

| hwg

IBM Quantum

n 1 - n
H = %QQ — I; cos(® /o)




IBM Quantum

Quantum non-linear circuits: Josephson junction

Ve
1 ) A Il
H = e (Q — V905) — E; cos(®/ o) X —c — C;
2
Lo = 26—0 Ng = ‘jigé n = number of Cooper pairs

H =4E, (A — ng)2 — E; cos(®/ o)

€_qu) |TL> — |TL —|— p> (nand ¢ are conujugate variables)



IBM Quantum

Quantum non-linear circuits: Josephson junction

E->>E V,
T Ji—
H — 4Ec ('ﬁ’ D ng)2 — Ej COS(‘I)/(,OO) X - C — G5

~ 2 N 4
FI — 4Ec (ﬁ — T )2 + & 2 — & 2 “Duffing Oscillator”
’ 2 ¥0 24 oly
Zir =1/ L;/C
j":\/h;mfi’ . o ad
tr A ~ W N R T
= ZhQ H — 0 ($2 —|-y2) .
hwo = +/8E, E. 2 3
7 712% (#2 + §?) Ef;ﬂc

“Normal” SHO stuff



IBM Quantum

Quantum non-linear circuits: Josephson junction

E>> E,
hwa-2 E :
-4 2) S
H —_ r~ + Y — hawg-E. i
2 3 1)

. E \ i

¢= 5 @+ \ | hoo /

0) \ /
1{3 p— % (&, - &T) \\\\

- Ec AT A ATt A
H = hwﬂ&T& ((cﬂa)z — aTa) + Non-RWA terms



A Transmon

Superconducting Qubit:

=  Josephson Junction as a non-linear inductor

] C
100 nm 1>
somn 0> >

¢

EA
hw
hw
L% C-% hao
hw
p— >

¢

Phys. Rev. A 76,04319 (2007)
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Single Qubit Control

As discussed, we have a quantum object

with a ladder of energy states:

 How do we start in the ground state?
 How do we prepare an arbitrary quantum

state?

IBM Quantum
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Preparing the Ground State

2)

IBM Quantum

The system has a natural decay from higher
to lower levels (the “T1” time, which we will
discuss in more detail later)

There are competing heating processes, but
given the temperature of the system is cold
compared to the energy levels the final state
should be well into the ground state

Typical procedure is to allow the system to
relax back to the ground state (see the
problem set)

"Active Reset” (some references):
* https://arxiv.org/abs/1802.08980,

nttps://arxiv.org/abs/1801.07689,

https://arxiv.org/abs/1508.01385



https://arxiv.org/abs/1802.08980
https://arxiv.org/abs/1802.08980
https://arxiv.org/abs/1801.07689
https://arxiv.org/abs/1508.01385

Single Qubit Control (nlajn + 1) = vn R
Transmon (Duffing model approximation)
\
|2) ( |

H = woa'a +ata(ata—1)

1
= +Q(at + a) cos(wpt + ¢)
}
I
10) Coupling term
0 O 0 0 Qcos(wpt + @) 0
0 W 0 Q cos(wpt + @) W V2Q cos(wpt + ¢)

0 0 Z2wp+t+a 0 V2Q cos(wpt + ¢) 2w +



RV A Go to a rotating frame at the drive frequency [BM Quantum
and assume the drive frequency and qubit
frequency are similar

04
2 H = (wg—wp)aTa + Eé‘ﬁa(éﬁa — 1)

+% [cos(¢) (aT + a) + isin(¢) (a* — a)

1)
On resonance, ¢ = 0
|0)
0 %[Cos(qﬁ) + isin(¢)] 0 0 % 0
%[COS((P) — isin(¢)] W — Wp V2 %[COS((/J) — isin(¢)] % 0 V2 %
0 ﬁ% [cos(¢p) — i sin(¢)] 209 — 20p + @ 0 \/E% a
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RVWA

Restricted to two-levels:
0 9 |[cos(@) + isin(p)] 0
0 2 = cos(p)oy + > sin(@)oy
> [cos(¢) — isin(¢)] 0
\ }

annn RSO Ry, ,
“‘.-l o * '.....
.

Apply foratime © = o, to get the unitary
W

c_os(g) —ie~" sin(%)
—ie'? sin(%) cos(%)
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Limitations on gate times

Fourier transform of control pulse

Example, 5 GHz qubit, a=250 MHz,
~10 ns gate time

4.0 4.5 5.0 5.5 6.0
Frequency (GHz)



Qubits and Errors

A qubit Is a quantum two-level system

Finite qubit coherence times
« T, relaxation (dissipation - think resistor)
* Ty dephasing (randomization of f)
 Results from measurement (intentional or not)
* T,: parallel combination of above,
Imperfect control pulses
Spurious inter-qubit couplings

Imperfect qubit state measurements




T,and qubit size

=y
()

Metal




T,and qubit size

If there is a thin lossy interfacial layer, the loss from it will
depend on how much electrical energy Is stored Iin it



T,and qubit size




T,and qubit size

W

=

o

O
}\

e m

o

O

o

]
L b
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Measured Q (millions)

0 1 2 3 4 5
Inverse simulated SA participation (m) 445

>
\ 1/(Surface participation) / &
Gambetta et al, EEE Trans. on App.

Superconductivity 27 1 (2017)




Variability of T, e

| (Number)
Q
25 0.91 : : :
20 . T,1s highly variable from
e . .
T 10 o7 qubitto qubit and over
S 5 e rme
= O Y L
N 0.41
3c> 10 t0.31
<] 15 -0.21
20 Lo ‘ 011
R —— * 0.01
0 50 100 150 200 250

t: (Hours)

M. Carrol et al. npj Quantum Information volume 8, 132 (2022).



Two Level Systems (TLS)

Atomic-scale defects that may reside In a number
of places within the qubit environment

Josephson junction

First detected as anomalous heat capacity In
glasses at low temp (Zeller & Pohl)

parasitic

Described by  Standard  tunneling  Model  1ooum s o
(Phillips/Anderson 1972) w/ refinements .
(Burin+others 1990s, Ioffe+Faoro 2010s) circuit surface

H 0 _ adsorbates

Shown to affect qubits (Martinis) and resonators atomic tunneling systems

(Gao)

/residuals
/contaminants

\

Zeller and Pohl, PRB 4, 2029 (1971)
Phillips, JLTP 7 351 (1972)
Anderson, Halperin, & Varma, Phil. Mag. 25,1 (1972) electrode (Al)
W. Phillips, Rep. Prog. Phys. 50, 1657 (1987)
Burin & Kagan, ZETF 106, 633 (1994)

Gao et al, Appl. Phys. Lett. 92, 152505 (2008).

Faoro & Ioffe, PRL 109, 157005 (2012) - :
Martinis et al. PRL 95 210503 (20059 Lisenfeld et al., npj Quant. Info., 5 105 (2019)

substrate (%'c()i:)

-
r

structural damage



Doing research on T,

* |s Process B better than
process A?

* As 1 improves:

* Measure more qubits
* Measure each longer

* Open gquestions about how
many and how long

Quality factor (Million)

50

40 —

30

20

10

Process B

Process A

29



Doing research on T,

* |s Process B better than
process A?

* As 1 improves:

* Measure more qubits
* Measure each longer

* Open gquestions about how
many and how long

Quality factor (Million)

=0 PI‘OC?SS B

40 — 2
Process A i

30 l £

20 i 3

10 i T

30



TLS Manipulation

We can directly control
TLS energy by:

1) altering local strain
2) altering E-field at TLS

hwrps =

—

N

Az + g2

e=2y-S+2p-E + g

qubit frequency (GHz)

13.0

—_
N
(00)

.
N
™

0 20 ‘ 4
piezo voltage (V)

Grabovski et al, Science 338 (2012)

31



Local TLS Manipulation

P1:
<
. Transmon CIUbl'tS Interposer wafer
ﬂ TLS electrode ’:'-ET
* Weakly coupled to ;@ )
RO resonator R e NG
Qubit wafer CC)
 Electrode D
centered above S G
qubit paddles on ol
Interposer wafer S fhd
O e
-2.8

DC Voltage (V) 2+9

Dane et al., npj Quant. Info, 2026
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Evolution vs. voltage and time

e Sweep DCV, measure P1 ->T1
* TLS losses (dark blue)

* Two major observations:

* The vast majority of the voltage
space has T1 100s of us

e TLSes move around more than
appear/disappear.

* T1 averaged over voltage is very
stable (337 us +- 29 us)

"

10°

102

101

300 VV\AAN UW\/\

f

U

0 10 20 30

40

Time (hours)

50 60

33



Better statistics with less data

2 1d 30 -
g
~ 1 —
— lﬂq ! l f!iugw 60 -
I~ E max(F.R.)
| g min(F.R.)
3 . . : . = i ® none
*—E-’].O - — ;aﬂsr:;and. b é 40 .
% HE AC O
20 -
- _ | —
o 0.5
% I| | | I 0 | | |
0 20 40 60 4.5 5.0
measurement time (h) fq (GHz)

Neff

0

I
0.4 0.6
AC T1 (ms)
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Seeing trends with T, control

100s -1000s
Qubits
w/o TLS control

* Top: portion of Q vs frequency
collected over thousands of
qubits, many builds

* Bottom: Qs accessed using
the TLS voltage pad.

 TLS control allows us to
observe subtle trends with
orders of magnitude fewer
qubits

15 Qubits
w/ TLS control

4.5 5.0 5.5
fq (Ghz)

35



Seeing trends with T, control

e Measure T1 with AC bias

Dominant loss mechanism:
< TLS | Thermal QPs >

as a function of mixing
plate temperature 0.6 -

* Functional form of T1 well
explained by thermal QPs
T>100 mK

* Quasi-linear regime not -
understood

* Quasi-linear regime also

seen when averaging 0.0 1,

together large # of qubits 0

50

I I
100 150

temperature (mK)

36



Non-tunable TLS's

* TLS only change frequency if the applied field reaches them
* Literature suggests ~40% of TLS do not respond to applied field
* These non-tunable TLS can’t be moved by our AC fields

6.2} “; ﬁ"’& l'
‘ P “- = \ 1041«(— TLS in Josephson junctions: 40%
g : 20 / TLS at surfaces: 60%
s 10
" sl A 0 O
" S 0 100 200
ey h electric field sensitivity Yg (MHz/V)
5.6 —

‘ 6\6 <-—> 5V Vpe (DC electrode voItage 0.1 ol_3 .
Al <15V Ve, (strain) /T, (1ius) J. Lisenfeld et al. npj Quantum Information (2019) 105

@




Local TLS Manipulation

P1:
<
. TransmOn CIUbltS Interposer wafer
ﬂ TLS electrode ’:'-ET
* Weakly coupled to ;@ )
RO resonator R e NG
Qubit wafer CC)
 Electrode D
centered above S G
qubit paddles on ol
Interposer wafer S fhd
O e
-2.8

DC Voltage (V) 2+9

Dane et al., npj Quant. Info, 2026 -



IBM Quantum

Quantum non-linear circuits: Josephson junction

Ve
1 ) A Il
H = e (Q — V905) — E; cos(®/ o) X —c — C;
2
Lo = 26—0 Ng = ‘jigé n = number of Cooper pairs

H =4E, (A — ng)2 — E; cos(®/ o)

€_qu) |TL> — |TL —|— p> (nand ¢ are conujugate variables)
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Charge qubit: The cooper palr box

N\

H =4Eq(h —ny)? — Ej cos(®)

Detfine charge basis TAL TL> — n, TL>
Conjugate variables e—zpCID n> — |n -+ p>
L

H =" 4Bc(n —ng)|n)(nl — =X (In + 1){n] + [n)(n + 1)



IBM Quantum

Charge qubit: The cooper palr box

Charge fluctuations

ng(t)

JEL Y .Ll" N J:L . “nd JL . J1
|0)

First experiment in 1999: T, ~ 1 ns

0 0.5 1 1.5 2 2.5 3 Sweet spot operation in 2002
g T2 ~ 500 ns Nakamura, Nature 1999

B =Y 4Bc(n—nyln)n] — 2 (jn+ 1y{n| + [n)(n + 1)
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' J. Koch et al, Phys. Rev. A 76,042319 (2007)
The tale of two energies . Bienon, PhD Thess

Charge dispersion suppressed faster than anharmonicity

Ci-meeer .
H |
B §§ Ej/Ec =1 Ej/Ec =5 E;/Ec =10 E;/Ec = 50
== E 30
J 30 60
20 0
5 [Py 20 W a0
J —_—
27T TN
10 10
5 /\/\ 10W 20
¢ 20 oF———— 0 0 0

-1-050 051 -1-050051 -1-050 051 -1-050 05 1

n n n n

& & 5 &



| Introduction to Quantum Electromagnetic

| . .
X 1 X s Circuits
\ | ¢ \ ) Uri Vool* and Michel Devoret!
| |
Q1 Q2 Department of Applied Physics,

Yale University, New Haven, CT 06520

arXiv:1610.03438v?2

A o N2 A A . . .
H = hwata— 22 ((&T&)Z _ &T&) + Fwobth — &2 ((bTb) _ bTb) +C.(0,0,)  Thisis how to write these

\ : I N | Hamiltonians down correctly!

f ! f

couple

HQl HQZ

Heoupte = J (a! +a) (8 + ) = J (a'h+ b'a + Non-RWA terms )

We call this exchange coupling because, in the RWA, it allows excitations to swap between the qubits.
You can also get inductive exchange couplings, i, unlike this circuit, you have inductances.

a Is the anharmonicity of the qubits; in the large E/E_limit it is given by E.
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Two qubit gates: idle ZZ |

X<
i
i

X
i
i

0,0) Heoupte = J (@'h + ba + Non-RWA terms)



Two qubit gates: idle ZZ |

|
X — X E—
J .,
< [10,2) e
‘1 1) ‘ ’ 01 02
- fql fq2+0(2
fq, + oy _
0,1)
1,07
fg,

0,0) Heoupte = J (@'h + ba + Non-RWA terms)



Two qubit gates: idle ZZ |

|
4J/P _O 2> \ Y | L \ Y )
0, ;) 0
1, 1) 10y + 0y
2.0
12,05 o
fq, + oy
fq, + \O 1) WO qubit gates: idle ZZ
|/
2
C _ ‘(0&2|Hcouple‘1; 1>|2 _ J2 _ Jz
- E11 — Ep w1 +wa —2wys —Ecp  Arg— oo

0,07



Two qubit gates: idle ZZ

J
< 102}

Q Q2
\1 1) fq, + ay ¢ — 2o, Platos)
‘2,O> fq, + Ajg —ay —Ajp—og (g — A12) (a1 + Aqs)
fq, + oy
fq, + 0, 1) WO qubit gates: idle ZZ
10>\ /e a;= -200 MHz, @, = -250 MHz, | = 1 MHz
’ 100
fq,
50 -
T -
o W
0,0) —20°
~100 1+ | | | | |
~300 —200 —100 O 100 200 300

A]_z, MHz



Two qubit gates: idle ZZ |

|
X - X —
43/' A A S ¢ )
0,27 o i
:|_ 1 fg, + o
12,00 ‘ foz\\ A A :
fgu + ay H=(w-¢/2) |6 00] + (W~ ¢/2) [I®d.] + 2 6. ®6.]
2t 0,1 o |
1.0 H = 21[6,® 6,] co-rotating frame

2

0,07



Two qubit gates: idle ZZ

H = 5 G, ® 0,| co-rotating frame
e—¥t/2 0 0 -
—iHt _ 0 eit/2 0
I 0  eit/2 0
0 0 0 e t/2
at t — E
2¢
e~ 0/2 0 0
e |0 €20 0
€ 0 0 673915/2 0
0 0 0 e—i@t/Q

Recall: single qubit Z rotations

Z(¢) @1 =

Coih/2

0
oi/2

This is an entangling gate!




Two qubit gates: 1dle ZZ

Recall: single qubit Z rotations

Z(¢) 1

[oich/2
0
0

0

0
oit/2

C
C

0

0
o—it/2

0

R..0)[I® Z(V)][Z(¢) ® I] = diag (ez‘(9+¢+w)! et (—0+0—7) i(=0-0+7) ei(ﬂ—cﬁ—’:r))

With a little algebra, tor

0=—¢=—v= g this is a CPHASE gate




Virtual z-gates

. IR
P ()

=

/2

i

2

C -
[ 4

o I

x H

| 1
| 1
| 1
i I
| 1
| 1
: | P(m) :
| 1
| 1
1 1
| 1
di ! :
: : m, /2
| 1

2

Y4
C =

»

»

2

n, /2

Y4
C =

»
»

2

C -
4

As long as the Z-gates commute with our physical basis
gates, or map them to other basis gates without spreading
to other qubits, we can apply them virutally just by
modfiying remaining gates in the circuit, with constant
overhead book-keeping. This true even real-time!

It we had, tor example a two-qubit SWAP gate, this would
no longer be true.

McKay et al, Phys. Rev. A 96, 022330 (2017)



In practice...

Leaves no Z rotations

o B

In principle, it single qubit
gates are very fast compared to
¢, we can selectively turn on or
off this gate with refocusing

Sequences Leaves only ZZ interaction




In practice...

Leaves no Z rotations

o
oo
-

T : : _ :
- =
Lol i
_I_ -

-
_I_

In principle, it single qubit
gates are very fast compared to
¢, we can selectively turn on or
off this gate with refocusing

Sequences Leaves only ZZ interaction




In practice...

Leaves no Z rotations

~
o B 0

_I_

Leaves only ZZ interaction




Two qubit gates: cross-resonance |

X — X —
\ | \ Y }
TS 01 ¢ 02
’ Heoupte = J (&TB + b4 + Non-RWA terms)
Lo Har = Qu(8)(a" + a) + Qa(t) (6 + b)
2
T o1
1,07
Q2
Ql



Two qubit gates: cross-resonance |

X — X —
\ Y | L \ Y }

N 01 02

1,1) ..

Heoupte = J (@'h + ba + Non-RWA terms)
Q . . A A
0, Har = Q1(t)(@" + a) + Qa2(¢) (b7 + b)
— J
<150‘ — 12
7 ()
L0+ ——@.1 \ O,




Two qubit gates: cross-resonance |

X — X —
\ Y | L \ Y }

. 01 02

1,1) ..

Heoupte = J (@'h + ba + Non-RWA terms)
Q . . A A
0, Har = Q1(t)(@" + a) + Qa2(¢) (b7 + b)
— J
<150‘ — 12
7 ()
L0+ ——@.1 \ O,




Two qubit gates: cross-resonance |

X — X E—
S L N
. 01 02
11,1 o
J Q2/A12 Hco'u,ple = J (&Tb + bT& + Non-RWA terms)
Q A A A A
0, Hyr = Qi (t)(a! + a) + Qa(t) (b7 + b)
— J
<170‘ — 12
J ()
L0+ ——@.1 \ O,
JQ,/A,,



Two qubit gates: cross-resonance |

S L N
N 01 02
1) o
J Q2/A12 Hco'u,ple =J ((L b+ b'a + Non-RWA terms)
Ql

X<
i
i

X
i
i

Hyr = Q1(8) (@' + &) + Qa() (6" + b)

(),
—— J
(1,0] = 12
7 ()
Lol+ g0 \ o, J J
Hy =W)X I XN+ WLOIX+227Z0X
1Q/A., =X el-1X02)+BO(IeX+ 20X
‘O:O> Choose between the conditional and unconditional drives with the drive

frequency, provided the qubits are at different frequencies



Two qubit gates: cross-resonance |

X<
i
i

X
i
i

J .
/‘Q,2> ‘Y’LKY’

?/’ 1,1) . .
- - Hy, = Q) XQI-—1nI®X—uZeX)
2,0 0, i + LOUIIX+X QI+ X 2)

— OT=01+- Lo n=z—r =
10| ’ T Ay 01 + A1 A12(01 + Al2)

(1,0| 4 d (0, 1] 9. 2 Uy = — o = J02
“Ars 1 5y — Ao Ao (05 — A12)

“Exercise for the reader”
N The 1,1 state also hybridizes with the 0,2 and 2,0 states,
‘O,O> which gives two more transitions you can drive!

Note that in the limit 0 — O, this effect vanishes, and In
the limit 0—oco we recover our previous expression



Two qubit gates: cross-resonance

0.4

il 2]
; . = |lz]
037 == A =0
: j | maea
o 0.2 - : :
3 : :
0.1 \ ‘
0.0 4 1 1 - 1 1 T t T |
-0.6 —-0.5 -0.4 —-0.3 —-0.2 —-0.1 0.0 0.1 0.2

A12 (GHZ)

Zhang et al, Sci. Adv. 8, eab16690, 2022.



IBM Quantum

Transmon fabrication (Dolan bridge)

1. Clean wafer

2. Sputter superconductor 1. Form Dolan bridge structure in MMA/PMMA
resist stack using e-beam lithography

_ 2. Deposit Al/ALOx/Al Josephson junction using

double-angle evaporation, in-situ oxidation and
liftoff

3. Pattern resonators and capacitors using

photolithography s s
B B B S Superconductor

Substrate I
PMMA

Al oxide

Josephson
2"d Al evaporation P

Junction



Transmon fabrication (Dolan bridge) IBM Quantum

Nb pads
L, ~20 nH | Al AL, 0, —Al I3
CJ~1fF >< T Cs~60ﬂ: w01~SGHZ

wOl' (1)12 ~ 0.330 GHZ



Two qubit gates: cross-resonance

0.4
— |va|
. . — |u2|
0-3° == A =0
- : - A=
S 0.2 - ;
3 .
0.1 - l
0-0 | I | : I 1
-0.6 -0.5 -0.4 —-0. —0 2 —0 1 0.1 0.2

A12 (GHZ)

Fabrication spread makes frequency
collisions certain in large devices

0.6 —0.5 —0.4 ~0.3 ~0.2 —0.1 0.0 0.1 0.2
A12 (GHz)

Zhang et al, Sci. Adv. 8, eab16690, 2022.



Two qubit gates: cross-resonance

0.4 :
= |V2]
. : | l2|
0.3 1 : E nmmn A12=0
- - A=
5 0.2 - : :
= : :
01 =\
0.0 4 | T * I T T t 1 |
~0.6 ~0.5 ~0.4 ~0.3 ~0.2 ~0.1 0.0 0.1 0.2
A12 (GHZ)
0.4 5 , o Fabrication spread makes frequency
- . — 2 . . . . .
1 — el collisions certain in large devices
= A1p=0
- * | Ny =ity
o 0.2
=

0.3 -
. \ ' Even with laser tuning of junctions
0.1- \

: A | :

| A

0.0 I I I I I I
=06 -0.5 -0.4 =03 —0.2 -0.1 0.0 0.1 0.2

A1 (GH2z)

Zhang et al, Sci. Adv. 8, eab16690, 2022.



Circult models to Hamiltonians
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Circuit models to Hamiltonians

haE— " N - Flux line
| ]
----------- [ """""1' Drive line
= [ = I =
}
___________________________ L\
N
" “ 1 Readout
% . resonator
- \ .-
N\
________________ Symmetric modeat®=0
12 nA 3.12nA 12 nA
X % P 3
7.16 nH Lj 7.16 nH
6.62 nA 1.96 nA 6.62 nA
<—
11 1 11
40 fF 13 fF 40 fF
54nA | ¢56nATEEE 6.56 nA | 54 nATHEEEE
l_60 fF 87 fF 87 fF 60 fF
e - =

Port 1

Linear & Passive
Multiport EM Structure

-
“-
-

From [2]

a b v
el TS complete quantum description
‘mode m | h 4 . A
FE, < | EPR H full = Zl (w;n — ilﬂ:m)lfljndm
> ..l. ! i : > m e e e e
m P o
= i TR PP | ATBm fan
B (), Hn(7) - Prnts S +2_Capllanma;
- : ) a,B. a'mn,n
inductive e B /
nonlinear
device j
From [4]

[1] S. Nigg et al. “Black-Box Superconducting Circuit
Quantization.” Phys. Rev. Lett. 108, 240502 (2012).

2] F. Solgun and D. DiVincenzo, “Mutliport Impedance
Quantization.” Annals of Physics, Volume 361, (2015).

[3] Mario F. Gely and Gary A. Steele. “QuCAT: quantum
circuit analyzer tool in Python.” New Journal of Physics

22.1 (2020).

4] Zlatko Minev et al. "Energy-participation quantization of
Josephson circuit.” npj Quantum Inf7, 131 (2021).




Approximate impedance methods

Weakly coupled, weakly anharmonic oscillators

7o 1 jewio | Zi (wi) I Zij (wj) o
" 4 LZLJ Wy Wy i 2

(wiw;)3/2 | Yy (w;) N Yij(wj)
3

- 4/CiC; | wi w;

J?;j —

F. Solgun, D. DiVincenzo, J. Gambetta, “Simple Impedance Response Formulas for the Dispersive
Interaction Rates in the Effective Hamiltonians of Low Anharmonicity Superconducting Qubits.” IEEE
Transactions on Microwave Theory and Techniques 67(3) (2019).



Flux Tunable Couplers

—— Capacitor
Q1 Q2
S
(O b uwewensnsannnsnsansssssassssssessnssssssssssssssssssssssssssssassssssassssssasnnsssnsnnnnsnsnnsnsd
S
1 2 3 4 5 6 ]

[1] F. Yan et al. “Tunable Coupling Scheme for Implementing High-Fidelity Two-Qubit Gates.” Phys. Rev. Applied 10, 054062 (2018).

With techniques of F. Solgun et al., IEEE Transactions on Microwave Theory and Techniques 67(3) (2019).



Coupling qubits 101

—  Resonator

Q1 Q2

[1] F. Yan et al. “Tunable Coupling Scheme for Implementing High-Fidelity Two-Qubit Gates.” Phys. Rev. Applied 10, 054062 (2018).

With techniques of F. Solgun et al., IEEE Transactions on Microwave Theory and Techniques 67(3) (2019).



Coupling qubits 101

Applied Flux

Resonator
— Detuned resonator
Q1 Q2
5.5 -
5.0 -
4.5 -
40 - 1 2 3 4 5 6 7
Wi = Wj, a.u.
3.5 -

1 I I 1

=20 =15 =1.0 =05 00 0.5 1.0 1.5 2.0

fcoupler

[1] F. Yan et al. “Tunable Coupling Scheme for Implementing High-Fidelity Two-Qubit Gates.” Phys. Rev. Applied 10, 054062 (2018).

With techniques of F. Solgun et al., IEEE Transactions on Microwave Theory and Techniques 67(3) (2019).



Coupling qubits 101

Applied Flux

Resonator
— Detuned resonator
Q1 Q2

=

1 T T T U U P |

S
5.5 -
5.0 -
4.5 -
40 - 1 2 3 ¢ 7
3.5 -

1 I I I

=20 =15 =1.0 =05 00 0.5 1.0 1.5 2.0

fcoupler

[1] F. Yan et al. “Tunable Coupling Scheme for Implementing High-Fidelity Two-Qubit Gates.” Phys. Rev. Applied 10, 054062 (2018).

With techniques of F. Solgun et al., IEEE Transactions on Microwave Theory and Techniques 67(3) (2019).



Coupling qubits 101

—— Capacitor
( Resonator
— Detuned resonator
7~ o
— (),
\_ Wi
-
From [1]
1 1 1 1 1 1

[1] F. Yan et al. “Tunable Coupling Scheme for Implementing High-Fidelity Two-Qubit Gates.” Phys. Rev. Applied 10, 054062 (2018).

With techniques of F. Solgun et al., IEEE Transactions on Microwave Theory and Techniques 67(3) (2019).



Coupling qubits 101

Capacitor
4 Resonator
Detuned resonator
— Total |
— —— Detuned total |
— (), =
O Paaeegsssssssssssssnssnssnssnansnnnnns
- ‘il 5=
From [1]

[1] F. Yan et al. “Tunable Coupling Scheme for Implementing High-Fidelity Two-Qubit Gates.” Phys. Rev. Applied 10, 054062 (2018).

With techniques of F. Solgun et al., IEEE Transactions on Microwave Theory and Techniques 67(3) (2019).
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Evolution of Packaging Schemes: Generation 1

—Qubit Metal

* Single layer of metal
—  Works fine for “Ring” topologies
— Breaks down it there are any qubits inside ring

Printed Circuit Board

\E\
\5\

[1] Roushan, P. et al. Science 358. (2017)



Evolution of Packaging Schemes: Generation 1

—Qubit Metal

* Single layer of metal
—  Works fine for “Ring” topologies
— Breaks down it there are any qubits inside ring

Printed Circuit Board

[1] Roushan, P. et al. Science 358. (2017)



Evolution ot Packaging Schemes: Generation 2

* Two separate chips, each with

patterned metal
— Joined via superconducting bump
— Allows nearest-neighbor qubit cou
— All control and readout lines must

periphery of chip

one layer ot

oonds
dling

ne routed to

— Metal layers are not isolated from each other

Qubit Metal

Interposer
Metal

I 0 I A O W g A g g A

A st el ot ot ot et ot

I O IO g It I st e g g g O g MO

I O g I s g O N W g g g O

OO O I T HTY

R 0y 5 g A v A g s s M N

(g i e e N N A A i M i M i N

(g i A i i iy M i By B N

ke i i A A g g I W N




Beyond breaking the plane:
Superconducting Multi-Layer Wiring

Vias connecting metallization levels

Patterned, planarized dielectric between levels Buried Vias connecting metallization levels

Three metal layers

Well isolated transmission lines (30 Q)

IBM Confidential; Export Controlled Information



Evolution of Packaging Schemes:
Generation 3

Two chips, as betore
Add “Multi-level Wiring” (MLW) level formed on
backside of interposer
Control and readout signals routed as striplines in
the MLW
Well isolated from Interposer and Qubit metal levels

Connect to MLW via superconducting Through-
Substrate-Vias (TSVs)

[1] Licata, T.J. et al. IBM Journal of R&D 39. (1995)

[2] Edelstein, D. et al. International Electron Devices Meeting. IEDM Technical Digest
(1997)
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Crosstalk

: - = -
=

Generation 2 = Falcon Generation 3 = Eagle
(via fencing impossible) (via fencing possible)
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Crosstalk

Falcon
Eagle

Many fewer (as a fraction) high fliers in crosstalk on
Fagle

Which pairs of qubits have high crosstalk is consistent
from chip-to-chip in both instances

Fagle has 16,000 pairs of qubits! It measured 1 by 1,
finding the 3 qubits with >1% crosstalk would take 11
days...
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Scaling number ot qubits in a single cryogenic tridge with better signal lines
(Flex)

10x Increase 4x Increase

)

Modular I/O wiring i
and space J 7!;£1}@|ng: Gen3 flex bay
transformers T

VI B
" Coaxial cables /y |
Modular amplitiers
7 attenuation an_d other
Mmicrowave Croesnil]
CompOﬂeﬂtS pay[oad
Conftiguration for 50 Conftiguration for 500 Conftiguration tor 1000
Cross-resonance qubits Cross-resonance qubits tunable coupler qubits

(additional signal lines
per qubit)

© 2025 IBM Corporation



Cryo-CMOS tor scalable control

i

— Overcome control bottlenecks
iInto and out of cryostat

— 94 tunable couplers on a Heron

device controlled with 12
“Cedar” cryo-CMOS AWGSs on
two printed circuit boards

—  Gate fidelities as high as 99.9%

—  Integrated with conventional RF
control and readout hardware as
well as software stack.

0.5 1

0.4 1

0.3 1

Po
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IBM Quantum
Heron & Loon architecture

ibm.com/quantum

Heron architecture

Above is a schematic of IBM’s lattice for connecting qubits within its
IBM Quantum Heron processor, in which the blue boxes represent qubits
and the red lines and boxes represent connectors, or couplers.
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Loon architecture

Above is a schematic of IBM’s forthcoming quantum processor architecture, beginning
to be developed in 2025 with the IBM Quantum Loon processor, which depicts a more
complex lattice to allow a vastly increased number of connections between the qubits.



What can you do with a
arge-scale, tault-
tolerant quantum
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Algorithmic advances..

Computer and algorithm development over the years

time estimates for simulating 32° - 64 lattice, 5000 configurations
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— O(few months) nowadays with a typical collaboration
supercomputer contingent

Courtesy Karl Jansen, COTA DESY

Algorithmic vs. compute improvements in simulating a lattice gauge theory



And discovery

Computer and algorithm development over the years

time estimates for simulating 32° - 64 lattice, 5000 configurations
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Tour de gross: A modular quantum computer based on bivariate

bicycle codes
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What can you do with a
arge-scale, tault-
tolerant quantum
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Scaling IBM Quantum

Processors I/O wiring and space Control electronics Runtime Infrastructure
transformers

Full-featured 4K cryo-
CMOS qubit controller

Amplifiers and other
microwave components

Software
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IBM Quantum

Wrapping it up

Superconducting qubits in isolation are misleadingly easy
Progress will be faster than we expect

We want to build large systems — statistics matter

This talk only went down one path! P. Krantz et al., Appl.
Phys. Rev. 6, 021318 (2019). is a nice review to learn on

devices

Similarly, Bravyi et al, J. Appl. Phys. 132, 160902 (2022)
for architecture.
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