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« Background
— Quantum limit of classical communications



Quantum limit of classical communications
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“Superadditivity” on the transmitter and receiver side

« Superadditivite capacity
— Transmitter side: Using entangled states help achieve higher capacity
— Receiver side: Quantum joint detection receiver helps achieve higher capacity

« Channel not transmitter-side superadditive, it can still be receiver-side
— Product state modulation is optimal (entanglement at transmitter doesn’t help)

- Holevo Capacity, €' = max § (Z px () pB(q;)) - Y px(2)S (pp(2))

Physical (quantum)

e | X |messen|pa () - Al © 5B pp(2) [Ti(y) |V e
pyx (ylz) = Tr(pp(a)(y))

— Shown : receiver uses symbol by symbol detection; Shannon capacity C; < C
— Joint detection receiver (JDR) required, unless pz () orthogonal pure states
— Calculation of (' does not need receiver. Finding receiver achieving C'is hard




The single-mode bosonic channel

* Mean photon number per mode constraint at transmitter <df9ds> < Ng

« Environment mode in thermal state, mean photon number(&};&m = Np
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* Any linear lossy propagation medium can be decomposed into a
collection of single mode bosonic channels



Holevo capacity of the single-mode bosonic channel

C'=g(nNs+ (1 —n)Np) —g((1 —n)NB)) bits per mode
« C > Shannon capacity of all known standard optical receivers

* Product coherent state modulation achieves capacity
* Need joint detection receiver (collective measurement over codeword)
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g(N) = (14 N)log(1+ N) — Nlog(N)
V. Giovannetti, SG, S. Lloyd, L. Maccone, J. H. Shapiro, and H. P. Yuen, Phys. Rev. Lett. 92, 027902 (2004)
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Quantum limit of classical (optical) communications over a
lossy channel, with an input mean photon number constraint

Np =0
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— Ultimate Holevo (quantum) limit
* M-ary PSK (M=2', ..., 2'%) Holevo limit
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Takeoka and SG, Physical Review A 89, 042309 (2014)
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« Background

— Joint detection receivers for superadditive capacity



Binary hypothesis test:|11) (hypothesis Hi) vs. |¢2) (hypothesis Hy)

Prior probabilities: P1 = P, P2 = 1 — D Inner product between
the two states
0
n=(1) (W1li2) = o
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Binary phase shift keying (BPSK) modulation

« Consider BPSK modulation, {|a), | — &)}, priors (p, 1 — p), N = |a/?
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Sam Dolinar, MIT Ph.D. Thesis, 1973



Example of receiver-side superadditive capacity

« Maximum capacity with the optimal symbol-by-symbol measurement

1
Ci=1—hs(p), p= 5[1 —V1- e~4N]  bits per mode

« Holevo capacity (joint detection over infinite-length modulated block)

C.=3S <&><a| il Oz><_&> — hy (1 T 6_2N> bits per mode
2 2

* The joint-detection gain most pronounced at low photon number
Coo

]l,ling C, = X We do not know, Cs, C3, ..., C,,, ...



Joint detection receiver (JDR) for superadditive capacity
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Superadditive capacity

Bridging the remaining gap
to the Holevo capacity

requires JDRs that use
quantum optical effects

 Plotting photon information efficiency, C(N)/N
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A receiver (based on quantum “belief
propagation” to achieve the Holevo capacity
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« Entanglement assisted communications over the bosonic channel
— Transmitter-receiver design



Entanglement assisted classical communications

« Communication capacity, when Alice and Bob pre-share

(unlimited amount of) entanglement, C'g = max I(NA%B, ,OA)
pAEH A

INA7E pa) = 8(pa) + SN P (pa)) = S(NATF 1) [@])

— where, @ is a purification of P A

C. H. Bennett, P. W. Shor, J. A. Smolin, and A. V. Thapliyal, IEEE Trans. Inform. Theory 48, 2637 (2002)



Entanglement assisted capacity of the bosonic channel

 Mean photon number constraint, /N g
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Vittorio Giovannetti, Seth Lloyd, Lorenzo Maccone, Peter W. Shor, Phys. Rev. A 68, 062323 (2003)



Shi, Zhang, Zhuang, arXiv:1909.11112 (2019)

Comparison of Cg with C SG, Zhuang, Bash, arXiv:2001.03934 (2020)
E

The entanglement assistance is most pronounced,
i.e., CE/C ~ ln(l/Ns) when NS < 1, NB > 1

Low brightness transmitter
Long center wavelength (high noise)

Taylor series expansion at Ns = 0 yields:

Cg =—NgInNg + O(Ns)
C = Ngln(1+[(1—n)Ng]™") + o(Ns)

lim =

Ns—0 Cln(1/Ng) (14 (1 —n)Ng)In (1 +[(1 —n)Ng]!)



Achieving C¢ for the bosonic channel

« Atwo-mode squeezed vacuum (TMSV) source, and phase modulation
achieves the entanglement assisted capacity Cg when Ng < 1, Ng > 1

— In general, active modulation (squeezing, displacement) of TMSV maybe necessary
— binary phase modulation suffices

Z 1+NS 1-|-n‘ n)s|n)

Pre- shared TMSV entanglement ‘ CAZ
N, -y
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ap a
(N5) Ng=nNs+ (1 —n)Ng

Shi, Zhang, Zhuang, arXiv:1909.11112 (2019)



The Optical Parametric Amplifier (OPA) based receiver

TMSV: transmitter retains the idler mode
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Receiver based on sum frequency generation (SFG)

o = mgyM (BTasmaIm n Bagma}m) SFG
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Transmitter and joint-detection receiver for
entanglement assisted communication

k-th Green Machine’s inputs:
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Superadditivity in entanglement assisted communication rate
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« Entanglement assisted communications over the bosonic channel

— Entanglement assisted covert communications



Covert communications

* Provably covert communications needs Ng = O(l/\/ﬁ) resulting in:

O(\/ﬁ) bitsin 72 modes

B. A. Bash, A. H. Gheorghe, M. Patel, J. L. Habif, D. Goeckel, D. Towsley, and SG, Nat. Commun. 6, 8626 (2015)

Entanglement assisted covert communications: the log(1/Ns)
enhancement in capacity results in:

O(\/ﬁ logn) bitsin 70  modes

Gagatsos, Bullock, Bash, arXiv:2002.06733 [quant-ph] (2020)
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Conclusions and ongoing work

Holevo capacity, C: Quantum limit of classical communications

— (product) coherent state, i.e., laser light modulation is capacity optimal

— Attaining ultimate limit of classical communications needs quantum (joint
detection) receivers

Entanglement assisted capacity, Cg: highest gain when the

transmitter is low brightness and thermal noise is high

— TMSV pre-shared entanglement and SFG receiver front end translates the
problem back to receiver design for coherent states to achieve Holevo capacity

— Covert communications: shared entangled breaks the “square root law”

Find better transmitter modulation, codes, and receivers to fully
achieve Cg: explore resource theories of non-Gaussian components

Connection with quantum illumination radar
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