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Signal discrimination

Q: What if the signal is very
weak (only a few photons)?

Kyle DeBry (debry@mit.edu) ECTI 2023-09-25



mailto:debry@mit.edu

Signal discrimination

Q: What if the signal is very
weak (only a few photons)?

A: Use atomic systems!

- I‘<1V > quant-ph > arXiv:2305.14272 L 0
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Experimental quantum channel discrimination using
metastable states of a trapped ion

Kyle DeBry, Jasmine Sinanan-Singh, Colin D. Bruzewicz, David Reens, May E. Kim,
Matthew P. Roychowdhury, Robert McConnell, Isaac L. Chuang, John Chiaverini

We present experimental demonstratiuns of accurate and unambiguous single-shot
discrimination betwean three quantum channels using a single trapped “°Ca™* ion. The three .

channels cannot be distinguished unambiguously using repeated single channel querles, the DeBry et a/" PRL’ In press
natural classical analogue. We develop techniques for using the 6-dimensional Dsj; state (2023), arX|V:2305_ 1 42 72
space for quantum infarmarion processirg, and we implement prarocols ta discriminare
guantum channel analogues of phase shift keying and amplitude shift keying data encodings

used In classical radio commurication. | he demonstrations ach eve discrimination accuracy
exceeding 99% in each case, limited entirely by known experimental imperfections.

Quantum signal
processing (QSP):
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Quantum channel discrimination

Atomic interaction: U = R(0, ¢)

PSK signal PSK channel’
O=0 ¢=2r/3 ¢=4n/3

Clock Signal

1S. Pirandola et al., npj Quantum Inf. 5, 1 (2019)
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Quantum channel discrimination
Atomic interaction: U = R(0, ¢)
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Quantum channel discrimination

Goal: determine which of three potential rotations (the “Mercedez-Benz
operator”2) was applied to an ion in the f#est queries of the operator ((?))

2J. Kovacevic¢ and A. Chebira, Found. Trends Signal Process. 2, 1 (2008).
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Quantum channel discrimination

Goal: determine which of three potential rotations (the “Mercedez-Benz
operator”2) was applied to an ion in the fewest queries of the operator ((2))

Query
Prepare channe| Measure

Semi-classical:
Ginitial B
Single-measurement success probability3 & < 2/3 Exploit quantum coherence
to achieve an advantage!
Quantum: |
0) U H) U ) Uz FH Us ) Us EHC) H Us
I

Single-measurement success probability4 & = 1

3A. Laing et al., Phys. Rev. Lett. 102, 160502 (2009) 4Rossi, Z. M., & Chuang, I. L., Physical Review A, 104(1) (2021)
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Quantum signal processing

Key idea: interleave signal operator with processing pulses to filter out specific angles

0) — Ug @ Uy @ Us |—|’7(

041 ¢ = 2n/3

Measurement probability

0.0 | | | | | | |
0 50 100 150 200 250 300 350
¢ (degrees)

See also: Martyn, J. M. et al., PRX Quantum, 2(4) (2021),
Kikuchi, Y. et al., arXiv:2303.05533v2 (2023)

4Rossi, Z. M., & Chuang, I. L., Physical Review A, 104(1) (2021)
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Quantum signal processing

Key idea: interleave signal operator with processing pulses to filter out specific angles
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See also: Martyn, J. M. et al., PRX Quantum, 2(4) (2021),
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Kikuchi, Y. et al., arXiv:2303.05533v2 (2023)
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* [ernary readout requires
larger Hilbert space!

» | arger Hilbert space

requires more advanced
experimental control and
higher fidelity operations

4Rossi, Z. M., & Chuang, I. L., Physical Review A, 104(1) (2021)
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Hilbert space of 490Ca+

e Use larger Hilbert space of
metastable manifold, building on omg

techniquess “Ca
P19
e Encode readout states in D52 and S
o2 12 397 nm laser 8.6 MHz rf [\
& =0),|¢p=2n/3),|p =4x/3)
e Qudit-style sequential readoutt.” Ds 5
729 nm laser
S1 oY T,
5Allcock, D. T. C. Allcock et al., APL 119, 214002 (2021); ]gb — 0>

Yang, H. -X. et al., Nature Phys., 18 (2022)
6Ringbauer, M., et al., Nature Phys., 1-5 (2022)
Low, P. J., et al., Phys. Rev. Res., 2(3), 033128 (2020)
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Experimental setup

e Cryogenic surface-electrode trap operated at 5 K

e Superconducting Nb rings stabilize B field8.2.10

e Narrow 729 nm laser addresses S1/2 to D52 transitions

e RF coil antenna addressmg metastable Zeeman splitting

Ui, | AZ

t\\ : 1

Y .
RF antenna NE—

8Gabrielse et al., J. Mag. Res. 91, 564 (1991)
‘Wang et al., PRA 81, 062332 (2010)
10Bruzewicz et al., npj Ql 5, 102 (2019)
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Ds/2 manifold

[ (m, | P) |

 RF drive causes population
to evolve through all states

* \We can use this for QIP!
* Rotations work like SU(2)
Seqguences that add to

nyw-rotations behave as
expected0.11

06

[\ . State prep/readout

02~ | * ) \ E— 1/2 S
. RS . NS el _1/2 1/2

10R. J. Cook et al., Phys. Rev. A 20, 539 (1979) 11M. J. Curtis, Ph.D. thesis, Oxford University (2010).
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D52 manifold: B field compensation

Simulated detuning-induced error

Zeeman frequency Allan deviation
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3 0.985 ¢ =120° 2
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0.9755- > 99 % : .
| — Ds/2 manifold is used for
oo97Obp . . . . . . . . . . . . . _ _ : ] , e ]
-40 -20 0 20 100 1 2
Detuning (Hz) a" quantum Informatlon : Averaging timleo (s) °
processing
8.6
Feed-forward Ramsey [\ - Ds /2
measureme_nt using - light shift RF feed- Experimental
Ds/2 qubit:12.13 forward realization
12J. Sherman et al., Phys. Rev. Lett. 111, 180501 (2013). =€ -
130. Bazavan et al., Phys. Rev. A 107, 022617 (2023). — S1/2
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Composite laser  Quantum QSP Quantum QSP Laser QSP Quantum QSP Quantum QSP
7T-pulse channel pulse channel pulse  m-pulse pulse channel pulse channel pulse
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DeBry et al., PRL, in press (2023)/arxiv:2305.14272
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Composite laser  Quantum QSP Quantum QSP Laser QSP Quantum Quantum QSP
mT-pulse channel pulse channel pulse  m-pulse pulse channel pulse channel pulse
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Applied
phase ¢:
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Composite laser  Quantum QSP Quantum QSP Laser QSP Quantum QSP Quantum QSP

7T-pulse channel pulse channel pulse  m-pulse pulse channel pulse channel pulse
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Phase shift keying performance

Accuracy Error
Error estimates

+0.1 83 f; RF detuning: 0.3%
9904 % 0.4 Q
—0.2 o SPAM: 0.2%
|¢ 4r/3)
. o - :b) zz > Spontaneous decay: < 0.1%
/Qna / ang/e ¢4? @@@90

® 28 total pulses
What about other

® 9 gates in Ds/2 manifold

e data encodings?
¢ ~99.98% fidelity each

DeBry et al., PRL, in press (2023)/arxiv:2305.14272
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Amplitude shift keying (ASK) implementation

ASK Signal
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DeBry et al., PRL, in press (2023)/arxiv:2305.14272
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Summary

* Single shot, deterministic differentiation between non-
orthogonal rotations

w. 57

lp=0) &

 Novel use of Ds» manifold for QIP

 Quantum advantage over “semi-classical” result

Population
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We present experimental demonstrations of accurate and unambiguous single-shot
discrimination between three quantum channels using a single trapped 40Ca* ion. The three
channels cannot be distinguished unambiguously using repeated single channel queries, the
natural classical analogue. We develop techniques for using the 6-dimensional Ds state
space for quantum information processing, and we implement protocols to discriminate

quantum channel analogues of phase shift keying and amplitude shift keying data encodings
used in classical radio communication. The demonstréations achieve discrimination accuracy

exceeding 99% in each case, limited entirely by known experimental imperfections.
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