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Overview

* What is scalability?

* Coupling flux qubits

 Why long-range coupling?

» Long-range coupling of flux qubits
 |Interlude: error correction

* Universal set of gates

» Designing the flux qubit coupler network
» Calculating thresholds

« Conclusion and further work
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Scalability

» Arbitrarily large number of qubits

i

rpay—

 Number of simultaneous gates proportional to
number of qubits

-#-

e

[EEY —»

 Number of simultaneous measurements proportional
to number of qubits

R —

M

M

B

M
10—

» Physics of gates and measurements independent of
number of qubits
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Common unscalable examples

« Anything with frequency crowding
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« Anything with a single shared device for
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Our starting point
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Shortcomings

* Need long-range interactions
* Thresholds

— unlimited range. unlimited qubits: ~ 10-2
Knill, quant-ph/0410199

— unlimited range, many qubits: ~ 103-10-4
Steane, Phys. Rev. A 68, 042322 (2003)

— 2D lattice, nearest neighbor: ~ 10-°
Svore, QIC 7, 297 (2007)

— bilinear nearest neighbor: ~ 10-°
Stephens, quant-ph/0702201

— linear nearest neighbor: ~ 10-8
Stephens, in preparation

irsa: 07060059 Page 7/43



Why long-range coupling?
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Extending the coupler

_ S0um 5 0.75um K. /h (Ghz)
0.7um - - == 1.25 -
! " eee ewe £ o e S
i A “ sme {  eee = 0.75 - e

1.5um

—
ok

L
|

-—
I]JJ?J]Jd

=
L)
i

Ksh (Gihe)
== ]
L
O R OO Y

o
¥
|

L
L

%
02 04 - 06

D =500, 1000, 2000, 4000 pm

FrF YT YRRV RN R RNTREN RN T |

0 I 2 3 4 3
D {mm)

!

Pirsa: 07060059

Fowler et al., cond-mat/0702620

0.8
A \
\ /\../'
Page 9/43

In /1



True coupler length: crosstalk
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Interlude: error correction
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« Best approach for high threshold ~ 102
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Interlude: error correction
« Steane: threshold ~ 103 to 104
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« Still need to repeat logical state preparation
« Still need to repeat measurements

« Still need large ancilla factories

« Still need very long-range interactions
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Interlude: error correction

« Steane/DiVincenzo PRL 98, 020501 (2007)
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Laylng out the circuitry
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* Must still avoid
linear nearest

neighbor
initial final
a:) o)
|32> T Jb2>
la.) |b.)
o) |a:)
i |t:2> EM
6.) 2.)
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Level 2 circultry

« Can't do logical bilinear directly
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» Need to stretch the design
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Level 2 circuitry

* Must control each qubit
SQUID bias lines
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Level 3 circuitry

» Linear nearest neighbor with fault-tolerant swap
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Level 2 circultry

« Can't do logical bilinear directly
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» Need to stretch the design

| ——

s

Pirsa: 07060059 Page 19/43



* Must still avoid
linear nearest

neighbor
initial final
|a:) b,
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Level 3 circuitry

» Linear nearest neighbor with fault-tolerant swap
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A T —]
o
v

h i
| ]
L I e me B

encode 1 encode
J— — -
— | — 1 -
encode decode - encode
- =
irsa: 070600
L ]

Each horizontal line represents 2x21< qubits

—_—

decode - encode

decode - encode

1 decode

‘v decode - encode — decode —
Jd L<
ENCole — decods

Page 21/43



Calculating thresholds

« Random example pretending to cope with one error

» Resets: 3

» Gates: 2

- Waits: 2

*» Measurements: 3
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Level 3 circuitry

» Linear nearest neighbor with fault-tolerant swap
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Calculating thresholds

« Random example pretending to cope with one error

» Resets: 3

« Gates: 2

- Waits: 2

*» Measurements: 3

P P .

=0 . Y Y09}
— O Y Y 0—p Y (—-p )
. 0w Y@ p 0w Y0 5. )
-0 YA 0p -—p. )
- P -p_VA-p V(A-p, . VA-p_.)

Pirsa: 07060059 . Page 24/43



Extended rectangles

 How much circuitry needs to be included?

Logical interaction Error correction

v,
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Which threshold?

» Must calculate threshold of most complex gate
« Universal gate set:
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» Non-local network

Three universal gate sets

» Linear nearest neighbor

i—=mlt =S} =T|1 =r|depth
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Thresholds for the architecture

~ Fomvaables e, B o Poodvie heating

« Set: pmemary = 0'1pswapﬂ Preadout = pswapv treadout =10
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FIG. 1: pos and pnr(pes,0.1,1.0,10.0) for n = {1,2,3,100}.
The lower bound to the 100 T threshold is 5.36 x 10™°.

- Infinite level threshold: ~5x10%, level-1 threshold ~10°



Level 2 circultry

« Can't do logical bilinear directly
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» Need to stretch the design
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Laylng out the circuitry
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» Non-local network

Three universal gate sets

» Linear nearest neighbor

t=mt =S|t =T)i1=rl|depth
j=m| 558 | 204 0 28 38
71=S5| 824 | 603 0 56 38
3=T|2496 | 670 | 28 98 | 190
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Thresholds for the architecture
t

* Four variables: pg,,,,. readout

*

pmemor\,n Preadout:
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FIG. 1: pos and pnr(pos.0.1,1.0.10.0) for n = {1.2,3,100}.
The lower bound to the 100 T threshold is 5.36 x 10~°.

- Infinite level threshold: ~5x10%, level-1 threshold ~10°



Bilinear detalls

rable threshold 2x10-® (Stephens, quant-ph/0702201)
nstruction likely to outweigh lower threshold
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Thresholds for the architecture

- Four variables: Pswap: Pmemory: Preadout: breadout
« Set: pmemary = 0'1pswapﬂ Preadout = pswapv treadout =1
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FIG. 1: pos and pnr(pos.0.1,1.0.10.0) for n = {1.2,3.100}.
The lower bound to the 100 T threshold is 5.36 x 10~°.

- Infinite level threshold: ~5x10%, level-1 threshold ~10°



Bilinear detalls

« Comparable threshold 2x10*° (Stephens, quant-ph/0702201)
Simpler construction likely to outweigh lower threshold
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Level 2 C|rCU|try

» Must control each qubit
SQUID bias lines
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Three universal gate sets
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Bilinear details

« Comparable threshold 2x10° (Stephens, quant-ph/0702201)
« Simpler construction likely to outweigh lower threshold
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Further work

300k« Cooling — details

77K ! ; :
-« * Wire density — serious

.. limitation
07k« Crosstalk and shielding

 25mK . -
* Interchip spanning
schemes

« Algorithms without error
correction
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There is no universal threshold of 104

Without long-range interactions, threshold much lower
For flux qubit architecture, threshold ~ 5x10-°

Implies gate error rates of ~ 107 needed

May need to compute without error correction
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Calculating thresholds

« Random example pretending to cope with one error

» Resets: 3

« Gates: 2

+ Waits: 2

» Measurements: 3
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Bilinear details

. Comparable threshold 2x10° (Stephens, quant-ph/0702201)
« Simpler construction likely to outweigh lower threshold
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Further work

300k« Cooling — details

L 77K - : :
-« * Wire density — serious

- limitation
07k« Crosstalk and shielding
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* Interchip spanning
schemes

« Algorithms without error
correction
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