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Addition
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CL‘{‘b =!8 c ZQn+l <— (Sn’ ceey SO) c {0j 1}TL+1 — Z 5121
1=0
: 0 if i =0
— carries ¢ = '
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a; bbb, Bc; forie [[0,71—1]]

— s =44 S; = o
Cn if i = n.

We want an operator with the following action: |a), |b), |2) — |a), |s), |2 @ sn)
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Complexity of guantum addition

@) 10}, 12) = la), [s),, [2 © sn)

Method Depth | Ancillae | Size

: Ripple-Carry O(1) O(n)

Class. Arith. { Carry-Lookahead || O(logn) O(n)
QFT Arith. { QFT-based O(logn) 0

We consider only garbage-free ripple-carry adders (and comparators), using at
most 1 ancilla, with no phase approrimation and no measurement.
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Ripple-carry technigue (Cuccaro et al. adder (1))

ci—IM-¢i ®©a; QU ¢
bi— A — b@ @ a; M —S;
o J ci+1 A

EV[I D E N © Eviden SAS - Confidential



Cuccaro et al. adder (2)

< 7

Step 1 2 3

CNOT-count nliln—1n—2|n
CCNOT-count n—1

Peres-count n

CNOT-depth 2 2
CCNOT-depth n—1
Peres-depth n

CNOT-count = 4n — 3
CNOT-depth =4
CCNOT=n-1

Peres = n
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Clifford+T gate set

D

—T ® ® P 1 HP T D il

1 THP T! ([3 THPA T - TT—T ,L $ TE
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A decomposition of the Peres gate with A decomposition of the CCNOT with
5 CNOT and a T-depth of 4. 7 CNOT and a T-depth of 3.

CNOT-count = 17n 4+ O(1)

. CNOT-depth = 13n + O(1)
The complexity of Cuccaro et al. adder becomes:

T-count = 14n 4+ O(1)

1

T-depth = 6n + O(1)
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Ripple-carry adders

Algorithm CNOT- | CNOT- T- T- Ancilla
depth count | depth | count

'TKO05) 26m 34n In 28n 0
[SRVO08| 16n 18n 14n 1
[CDKMO04] (1) 16n 18n 14n 1
[TTK10] 15n 1Tn 14n 0
'TR11 14n 18n 14n 1
[CDKMO04] (2) 13n 17n 14n 1
Opt. [CDKMO04]| (1) 11n 14n 10n 1
This paper Opt. [TTK10] 10n 16n 3n 12n 0
Opt. [CDKMO04]| (2) 8n 16n 3n 12n 1

Note: +0O(1) are omitted.
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Optimization rules (depth)

=

| 2| =

| | | | | |

AT [ p—1 T <P : ; T 1T i | * i
Ii Iy : 528 — b1
= {H [ D 1t {1 e 17 [P E—ea—jh—, T E—Tl—o—l—o-l, | H T A T
: amil D E—EE 1T M 1 il
H T {1t e —— {H]-{ 1 — i
Left cascade of CCNOT gates. Right cascade of Peres gates.

For a cascade of n gates: For a cascade of n gates:

CNOT-depth: m— 4n+ 3 CNOT-depth: bn — 4dn + 1

T-depth: 3n — 2n+1 T-depth: In —n+3
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Optimization rules (count)

_ ——— A 7t KB T KB ’ r
— — T T ~THp— T Kb TP T
- = [T v L7 e TH-

U U

V-shape with CCNOT on the left branch and Peres gates on the right one.

For a V-shape with n levels:

CNOT-count: 12n — 12n
T-count: 14n — 12n
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Opt. Cuccaro et al. adder (2) ,,

Step 2 3
CNOT-count 8n —8 | 6n — 2
T-count 6n —6 | 6m +1
CNOT-depth dn —1 | 4n +1
T-depth 2n—1 | n+3

CNOT-count = 16n — 10

CNOT-depth = 8n + 4

T-count = 12n — 5

T-depth = 3n — 2

=VIDEN

1 3 4

: "5‘: : |s0)
) : : : lao)
0) — - P— [0
b,y B : : m: |s1)
ar) P At o)




Take away

e Precise state of the art of quantum ripple-carry adders

e We show that in the Clifford+T, the typical T-depth is 3n instead of 6n

e Similarly, there are comparators with T-depth of 4n instead of 6n

e The optimization rules can be reused (ongoing work on other arith. operators)
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Questions ?

For more information, please contact me:
maxime.remaud@eviden.com
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