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Abstract—We study the classical communication over quantum
channels when assisted by no-signalling (NS) and PPT-preserving
(PPT) codes. We first show that both the optimal success
probability of a given transmission rate and one-shot e-error
capacity can be formalized as semidefinite programs (SDPs) when
assisted by NS or NSNPPT codes. Based on this, we derive SDP
finite blocklength converse bounds for general quantum channels,
which also reduce to the converse bound of Polyanskiy, Poor, and
Verdu for classical channels. Furthermore, we derive an SDP
strong converse bound for the classical capacity of a general
quantum channel: for any code with a rate exceeding this bound,
the optimal success probability vanishes exponentially fast as the
number of channel uses increases. In particular, applying our
efficiently computable bound, we derive improved upper bounds
to the classical capacity of the amplitude damping channels and
also establish the strong converse property for a new class of
quantum channels.

I. INTRODUCTION

The reliable transmission of classical information via noisy
quantum channels is central to quantum information theory.
The classical capacity of a noisy quantum channel is the
highest rate at which it can transmit classical information
reliably over asymptotically many uses of the channel. The
Holevo-Schumacher-Westmoreland (HSW) theorem [1], [2],
[3] gives a full characterization of the classical capacity of
quantum channels:

1
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where x(N) is the Holevo capacity of N given by x(N) :=
max((p, o)} H (Zi piN (pi) = Zi pi H(N (pi)), {(pi, pi) }i i
an ensemble of quantum states on A and H(o) = - Trologo
is the von Neumann entropy of quantum state. For a general
quantum channel, our understanding of the classical capacity
is still limited. The work of Hastings [4] shows that the Holevo
capacity is generally not additive, thus the regularization in Eq.
(1) is necessary in general. Since the complexity of comput-
ing the Holevo capacity is NP-complete [5], the regularized
Holevo capacity of a general quantum channel is notoriously
difficult to calculate. Even for the qubit amplitude damping
channel, the classical capacity remains unknown.

The converse part of the HSW theorem states that if
the communication rate exceeds the capacity, then the error

probability of any coding scheme cannot approach to zero in
the limit of many channel uses. This kind of “weak” converse
suggests the possibility for one to increase communication
rates by allowing an increased error probability. A strong
converse property leaves no such room for the trade-off, i.e.,
the error probability necessarily converges to one in the limit
of many channels uses whenever the rate exceeds the capacity
of the channel. For classical channels, the strong converse
property for classical capacity is established by Wolfowitz
[6]. For quantum channels, the strong converse property for
classical capacity is confirmed for several classes of channels
[71, [8], [9], [10], [11]. Unfortunately, for a general quantum
channel, less is known about the strong converse property of
classical capacity and it remains open whether this property
holds for all quantum channels. A strong converse bound for
the classical capacity is a quantity such that the success proba-
bility of transmitting classical messages vanishes exponentially
fast as the number of channel uses increases if the rate of
communication exceeds this quantity.

Another fundamental problem, of both theoretical and prac-
tical interest, is the trade-off between the channel uses, com-
munication rate and error probability in the non-asymptotic
(or finite blocklength) regime. Note that one only needs to
study one-shot communication over the channel since it can
correspond to a finite blocklength. Also, one can study the
asymptotic capacity via the finite blocklength approach. The
study of finite blocklength regime has recently attracted great
interest in classical information theory (e.g., [12], [13]) as
well as in quantum information theory (see [14], [15], [16],
[17], [18], [19], [20], [21], [22], [23], [24], [25] for a partial
list). For classical channels, Polyanskiy, Poor, and Verdud [12]
derive the finite blocklength converse bound via hypothesis
testing. For classical-quantum channels, the one-shot converse
and achievability bounds are given in [26], [16], [18]. Recently,
the one-shot converse bounds for entanglement-assisted and
unassisted codes were given in [15], which generalizes the
hypothesis testing approach in [12] to quantum channels.

To gain insights into the intractable problem of evaluat-
ing the capacities of quantum channels, a natural approach
is to study the performance of extra free resources in the
coding scheme. This scheme, called a code, is equivalently



a bipartite operation performed jointly by the sender Alice
and the receiver Bob to assist the communication [22], [27].
The PPT-preserving codes, i.e. the PPT-preserving bipartite
operations, include all operations that can be implemented
by local operations and classical communication (LOCC) and
were introduced to study entanglement distillation in an early
paper by Rains [28]. The no-signalling (NS) codes refer to
the bipartite quantum operations with the no-signalling con-
straints, which arise in the research of the relativistic causality
of quantum operations [29], [30], [31]. Recently these general
codes have been used to study the classical communication
over classical channels [32], [33], and zero-error classical
communication [27], [34] and quantum communication [22]
over quantum channels. Our work follows this approach and
focuses on the classical communication over quantum channels
assisted by NS and NSNPPT codes. We show SDP finite
blocklength converse and strong converse bounds for the
classical communication over any quantum channels.

II. PRELIMINARIES

In the following, we will frequently use symbols such
as A (or A") and B (or B’) to denote (finite-dimensional)
Hilbert spaces associated with Alice and Bob, respectively.
We use d4 to denote the dimension of system A. The set
of linear operators over A is denoted by L(A). Note that
for a linear operator R € L(A), we define |R| = VR'R,
where R is the adjoint operator of R, and the trace norm
of R is given by |R||; = Tr|R|. The operator norm |R| is
defined as the maximum eigenvalue of |R|. A deterministic
quantum operation (quantum channel) A from A’ to B is
simply a completely positive (CP) and trace-preserving (TP)
linear map from L(A’) to L£(B). The Choi-Jamiotkowski
matrix of N is given by Jx = X;;liaXjal © N(JiarXjal),
where {|i4)} and {|i4/)} are orthonormal bases on isomorphic
Hilbert spaces A and A’, respectively. A positive semidefinite
operator £ ¢ L(A ® B) is said to be a positive partial
transpose operator (or simply PPT) if E72 > 0, where Tp
means the partial transpose with respect to the party B, i.e.,
(lijXkl))T® = |ilXkj|. As shown in [28], a bipartite operation
II(A;B; -~ A,B,) is PPT-preserving if and only if its Choi-
Jamiotkowski matrix Z4,p, 4, B, is PPT.

The constraints of PPT and NS can be characterized in a
mathematically tractable way. A bipartite operation IT( A; B; —
A,B,) is no-signalling and PPT-preserving if and only if its
Choi-Jamiotkowski matrix Z4,p, 4, B, satisfies [22]:

ZAiBz:AoBo >0, (CP)
TerBo ZAiBiAuBo = ]lAiBw (TP)
2305, 20, (PPT)

14,
. (A+ B)
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where the five lines correspond to characterize that II is
completely positive, trace-preserving, PPT-preserving, no-

Tra, Za,B;A,B, = ®Tra,a, Za,B;A,B,,

1p,

Trp, Za,B,;A,B, = 1 ®Trp,B, ZA,B;A,B,>
B;

signalling from A to B, no-signalling from B to A, respec-
tively. The no-signalling codes is also studied in [27].

Semidefinite programming [35] is a subfield of convex
optimization and is a powerful tool in quantum information
theory with many applications (e.g., [15], [22], [27], [28], [36],
[37], [38], [39]). In this work, we use CVX [40] and QETLAB
[41] to solve the SDPs in this work.

III. COMMUNICATION ASSISTED BY NS AND PPT CODES
A. Semidefinite programs for optimal success probability

Suppose Alice wants to send the classical message labeled
by {1,...,m} to Bob using the composite channel M =TI o
N, see Fig. 1 for details. Then the input register of M can
be considered to be classical. After the action of £ and N/,
the message results in quantum state at Bob’s side. Bob then
performs a POVM with m outcomes on the resulting quantum
state. The POVM is a component of the operation D. Since the
results of the POVM and the input messages are both classical,
we assume that M is with classical registers throughout this
paper. If the outcome % € {1,...,m} happens, he concludes
that the message with label k£ was sent. Let 2 be some class
of codes. The average success probability of the code II and
the 2-class code are defined as follows.

Fig. 1. Bipartite operation II1(A;B; - A,B,) is equivalently the coding
scheme (€,D) with free extra resources, such entanglement or no-signalling
correlations. The whole operation is to emulate a noiseless classical (or
quantum) channel M(A; — B,) using a given noisy quantum channel
N (A, — B;) and the bipartite operation II.

Definition 1 The average success probability of N to transmit
m messages assisted with the code 11 is defined by

SV TLm) = LSS TMORKKDRKE, @)

where M = 11 o N and {|k)} is the computational basis in
system A;. Furthermore, the optimal average success proba-

bility of N to transmit m messages assisted with Q-class code
is defined by

fQ(N,m):S}lef(N,H,m), (3)
where the maximum is over the codes in class ).

We now define the (2-assisted classical capacity of a quan-
tum channel as below:

Ca(N) = Sup{rigggon(N®",2rn) =1}. 4)



As described above, one can simulate a channel M with the
channel NV and code II, where II is a bipartite CPTP operation
from A;B; to A,B, which is no-signalling (NS) and PPT-
preserving (PPT). In this work, we shall also consider other
classes of codes, such as entanglement-assisted (EA) code,
unassisted (UA) code, and we use 2 to denote the specific class
of codes in this paper. Let M(A; — B,) denote the resulting
composition channel of II and NV, written M =ITo N. Based
on the results in [42], the Choi-Jamiotkowski matrix of M
[22] is given by Jaq = Tra, g, (J3, ® 14,B,)ZA, A, BB, -

We are now able to derive the one-shot characterization
of classical communication over general quantum channels
assisted by NS (or NSNPPT) codes.

Theorem 2 For a given quantum channel N, the optimal
success probability of N to transmit m messages assisted by
NSNPPT codes is given by

fNSmppT(N,m) =max Tr J_/\/FAB

st. 0<Fap<pa®lp,

5
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0<Fi2<ps®lp (PPT).

Similarly, when assisted by NS codes, one can remove the PPT
constraint to obtain the optimal success probability.

Proof Sketch. (The full proof can be found in [43].) We
first use the Choi-Jamiotkowski representations of quantum
channels to refine the average success probability. Without loss
of generality, we assume that A; and B, are classical registers
with size m, i.e., the inputs and outputs are {|k)a,}}",
and {|k')p, }77_;. respectively. For some NSNPPT code II,
the Choi-Jamiotkowski matrix of M = I o N is given by
I =L liXdla; ® M([i)i]ar), where Aj is isometric to A;.
Then, we can refine f(N,II,m) to

PN T m) = - 2Tk, © MR RN,

m

1
=—"Tr JM Z |kk)<kk|AlBo
m k=1

Then, denoting D 4,5, = 1y |kk)kE

A;B,» We have

1
InsepeT(N,m) = anax, — Tr(JmDa,B,),

where M =TI o N and II is any feasible NSNPPT bipartite
operation . (See FIG. 1 for the implementation of M.) Noting
that Jaq = Tra, B, (qu\} ®14,8,)Z4,4,8,B,, We can further
simplify f(N,m). Then, we exploit symmetry to simplify
the optimization of f(N,m) over all possible codes, i.e.,
ZA,A,B; B, can be rewritten as

ZAiAoBiBo = FAoBi ® DAiBo + EAoBi ® (IL - DAiBo)’

for some operators E4, p, and F4, p,. Thus, the objective
function can be simplified to Tr JEF.

Finally, we impose the no-signalling and PPT-preserving
constraints to obtain the optimal average success probability

as showed in Eq. (5). It is worthing noting that fys(MN,m) can
be obtained by removing the PPT constraint and it corresponds
with the optimal NS-assisted channel fidelity in [22].

B. One-shot e-error capacity

For given 0 < € < 1, the one-shot e-error classical capacity
assisted by Q-class codes is defined as

CP (N €)= supllogh: 1 - fa(N,N) <eh. (6)

We derive the one-shot e-error capacity as follows.

Theorem 3 For given channel N and error threshold e, the
one-shot e-error NSNPPT-assisted capacity is given by

CI%%PPT(N,G) = —logminng
st. 0< Fap<pa®1p,
Trpa=1,Tra Fap=nlp, ()
TrJyFap>1-e,
0<Fi% <pa®lp (PPT),

Similarly, when assisted by NS codes, one can remove the
PPT constraint to obtain the optimal success probability.

Proof omitted (see [43]).

Since no-signalling-assisted codes are potentially stronger
than the entanglement-assisted codes, C’Igls) (M,e) and
CIEIIS)HPPT(N ,€) can provide the converse bounds of classi-
cal communication for entanglement-assisted and unassisted
codes, respectively. We further compare our one-shot e-error
capacities with the previous SDP converse bounds derived
by the quantum hypothesis testing technique in [15]. To be
specific, for a given channel N'(A — B) and error thresold e,
Matthews and Wehner [15] establish that

C (N, €) < (V) and CD(WV€) < IPPT(N),

with TAN(N) = max,, min,, D% ((idar @ N)(para)llpar ®
op) and IPPT(N) = max,, min,, DY ppr((ida ®

/\/;)(pA'A)HPA’ ®op). Here, para = (1ar ® p3)Para(lar®
pi) is a purification of p4 and p4r = Tr4 para. Moreover,
D5 (pollp1) is the hypothesis testing relative entropy [16],
[15] and D$; ppr(pollp1) is the similar quantity with a PPT
constraint on the POVM.

Interestingly, even when we allow stronger assistances (NS
or NS n PPT codes), the one-shot e-error capacities are still
smaller than or equal to the SDP converse bounds in [15].
(Note that EA c NS). And the inequalities can be strict.

Proposition 4 For a given channel N and error threshold e,

O (N, e) < AN, ®)
O ppr (N €) < IPPT(N). ©)

In particular, both inequalities can be strict for some quantum
channels such as the amplitude damping channels.



Proof and examples can be found in [43]. This means that
we can use Cl(\IIS)nPPT (M, e€) and q&ls) (N, €) to provide better
SDP converse bounds for entanglement-assisted and unassisted
codes, respectively.

IV. STRONG CONVERSE BOUND FOR CLASSICAL CAPACITY
A. An SDP strong converse bound

It is well known that evaluating the classical capacity of
a general channel is extremely difficult. To the best of our
knowledge, the only known nontrivial strong converse bound
is the entanglement-assisted capacity [44] and there is also
computable upper bound derived from entanglement measures
[45]. In this section, we derive an SDP strong converse bound
for the classical capacity of a general quantum channel. Our
bounds are efficiently computable and do not depend on any
special properties of the channel. We further show that for
some quantum channels, our bound is strictly smaller than the
entanglement-assisted capacity and the previous bound in [45].

Theorem 5 For any quantum channel N,
C(N) < CNsnppT(J\/) < CQ(N) = logﬂ(./\/),
where
B(N)=minTrSg s.t. —Rap < JJT/B < Rap,

(10)
~14®Sp <R <14®Sp.

In particular, when the communication rate exceeds Cg(N'),
the error probability goes to one exponentially fast as the
number of channel uses increases.

We outline the proof sketch here. The first step is to introduce
a subadditive upper bound f*(N,m) on fxsappT(N,m).
Then, the n-shot error probability satisfies that €, = 1 —
FrsoppT(N®™,2™) < 1 - f*(N,27)™. Finally, we show that
for any 2" > B(N), it holds that f*(N,2") < 1, which means
€, Will go to one exponentially fast as n increases. The detailed
proof can be found in [43].

B. Amplitude damping channel

For the amplitude damping channel J\/',;qD = Z%:o K- E;r
(0 <y <1) with Ey = |[0X0[++/T=~[1X1| and E; = \/7|0X1],
the Holevo capacity is solved in [46]. However, its classical
capacity remains unknown. The only known nontrivial upper
bound was established in [45]. As an application of Theorem
5, we show a simple strong converse bound for the classical
capacity of the amplitude damping channel, which improves
the previously best upper bound in [45].

Theorem 6 For amplitude damping channel N,;L‘D ,

C’(N,fD) < C’ﬁ(./\/'fD) =log(1l++/1-7).

The idea is to apply the bound C'g to the amplitude damping
channel. Full proof can be found in [43]. We compare our
bound with the previous upper bound [45] and lower bound
[46] in FIG. 2. It is clear that our bound provides a tighter
bound to the classical capacity than the previous bound [45].

1"
. < = =~ ~
>~
09 - ~ o
~
5 ~
N
0.8f N
0.7t
06 —— (V)
— — previous upper bound
-------- C,(NAP
0.5 W)

0 0.1 0.2 0.3 04 05
~ from 0 to 0.5

Fig. 2. The solid line depicts Cg (Nj‘D ), the dashed line depicts the previous
bound of C' (./\/'WAD ) [45], and the dotted line depicts the lower bound [46].
Our bound is tighter than the previous bound in [45].

C. Strong converse property for new channels

In [47], a class of qutrit-to-qutrit channels was intro-
duced to show the gap between quantum Lovasz number and
entanglement-assisted zero-error classical capacity. It turns out
that this class of channels also has strong converse property
for classical capacity. To be specific, the channel from register
A to B is given by N, (p) = EopE} + E1pE} (0<a <7/4)
with Ey =sina|0) 1|+ |1X2| and E; = cosa|2)(1] +|1)0).

Proposition 7 For N, (0 < a <w/4), we have that
C(N,y) = OnsnppT(WVa) = C3(N,) = 1.
Proof omitted (see [43]).

V. CONCLUSIONS AND DISCUSSIONS

In summary, we have obtained the optimal success prob-
abilities of transmitting classical information assisted by NS
or NSNPPT codes. Based on this, we have also derived the
one-shot e-error NS-assisted and NSnPPT-assisted capacities.
In particular, all of these one-shot characterizations are in
the form of SDPs. Remarkably, the one-shot NS-assisted and
NSnPPT-assisted) e-error capacities provide an improved finite
blocklength estimation of the classical communication than the
previous quantum hypothesis testing converse bounds in [15].

Furthermore, in the asymptotic regime, we have derived an
SDP strong converse bound for the classical capacity of a
general quantum channel, which can be strictly smaller than
the entanglement-assisted capacity. As an example, we have
shown an improved upper bound of the classical capacity
of the qubit amplitude damping channel. Moreover, we have
proved that the strong converse property holds for the classical
capacity of a new class of quantum channels.

It would also be interesting to study how to implement
the NS and PPT-preserving codes. It is also interesting to
improve the strong converse bound based on the optimal
success probability assisted by NSNPPT codes.



ACKNOWLEDGEMENT

The authors are grateful to Jens Eisert, Stefano Pirandola,
Mark M. Wilde and Dong Yang for their helpful suggestions.
XW would like to thank Mario Berta, Hao-Chung Cheng,
Omar Fawzi, William Matthews, Volkher B. Scholz, Marco
Tomamichel and Andreas Winter for helpful discussions. This
work was partly supported by the Australian Research Council
under Grant Nos. DP120103776 and FT120100449.

[1]

[2]

[3]

[4]
[5]
[6]
[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

REFERENCES

A. S. Holevo, “Bounds for the quantity of information transmitted by
a quantum communication channel,” Problemy Peredachi Informatsii
(Problems of Information Transmission), vol. 9, no. 3, pp. 3-11, 1973.
, “The capacity of the quantum channel with general signal states,”
IEEE Transactions on Information Theory, vol. 44, no. 1, pp. 269-273,
1998.

B. Schumacher and M. D. Westmoreland, “Sending classical information
via noisy quantum channels,” Physical Review A, vol. 56, no. 1, p. 131,
1997.

M. B. Hastings, “Superadditivity of communication capacity using
entangled inputs,” Nature Physics, vol. 5, no. 4, pp. 255-257, 2009.

S. Beigi and P. W. Shor, “On the complexity of computing zero-error
and Holevo capacity of quantum channels,” arXiv:0709.2090, 2007.

J. Wolfowitz, “Coding theorems of information theory,” Mathematics of
Computation, 1978.

T. Ogawa and H. Nagaoka, “Strong converse to the quantum channel
coding theorem,” IEEE Transactions on Information Theory, vol. 45,
no. 7, pp. 24862489, 1999.

A. Winter, “Coding theorem and strong converse for quantum channels,”
IEEE Transactions on Information Theory, vol. 45, no. 7, pp. 2481-
2485, 1999.

R. Koenig and S. Wehner, “A strong converse for classical channel
coding using entangled inputs,” Physical Review Letters, vol. 103, no. 7,
p. 70504, 2009.

M. M. Wilde and A. Winter, “Strong converse for the classical capacity
of the pure-loss bosonic channel,” Problems of Information Transmis-
sion, vol. 50, no. 2, pp. 117-132, 2013.

M. M. Wilde, A. Winter, and D. Yang, “Strong converse for the
classical capacity of entanglement-breaking and Hadamard channels via
a sandwiched Rényi relative entropy,” Communications in Mathematical
Physics, vol. 331, no. 2, pp. 593-622, 2014.

Y. Polyanskiy, H. V. Poor, and S. Verdd, “Channel coding rate in the
finite blocklength regime,” IEEE Transactions on Information Theory,
vol. 56, no. 5, pp. 2307-2359, 2010.

M. Hayashi, “Information spectrum approach to second-order coding
rate in channel coding,” IEEE Transactions on Information Theory,
vol. 55, no. 11, pp. 4947-4966, 2009.

——, “Finite-Block-Length Analysis in Classical and Quantum Infor-
mation Theory,” arXiv preprint arXiv:1605.02821, may 2016.

W. Matthews and S. Wehner, “Finite blocklength converse bounds for
quantum channels,” IEEE Transactions on Information Theory, vol. 60,
no. 11, pp. 7317-7329, 2014.

L. Wang and R. Renner, “One-shot classical-quantum capacity and
hypothesis testing,” Physical Review Letters, vol. 108, no. 20, p. 200501,
2012.

N. Datta and M.-H. Hsieh, “The apex of the family tree of protocols:
optimal rates and resource inequalities,” New Journal of Physics, vol. 13,
no. 9, p. 93042, 2011.

J. M. Renes and R. Renner, “Noisy channel coding via privacy amplifica-
tion and information reconciliation,” IEEE Transactions on Information
Theory, vol. 57, no. 11, pp. 7377-7385, 2011.

M. Tomamichel and M. Hayashi, “A hierarchy of information quantities
for finite block length analysis of quantum tasks,” IEEE Transactions
on Information Theory, vol. 59, no. 11, pp. 7693-7710, 2013.

N. Datta, M. Mosonyi, M. M.-H. Hsieh, and F. G. S. L. Brandao, “A
smooth entropy approach to quantum hypothesis testing and the classical
capacity of quantum channels,” [EEE Transactions on Information
Theory, vol. 59, no. 12, pp. 8014-8026, dec 2013.

M. Berta, M. Christandl, and R. Renner, “The quantum reverse Shannon
theorem based on one-shot information theory,” Communications in
Mathematical Physics, vol. 306, no. 3, pp. 579-615, 2011.

[22]

(23]

[24]

(25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

(33]

[34]

[35]

[36]

(371

(38]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

D. Leung and W. Matthews, “On the power of PPT-preserving and non-
signalling codes,” IEEE Transactions on Information Theory, vol. 61,
no. 8, pp. 4486-4499, 2015.

M. Tomamichel, Quantum Information Processing with Finite Re-
sources: Mathematical Foundations. Springer, 2015, vol. 5.

S. Barman and O. Fawzi, “Algorithmic aspects of optimal channel
coding,” in 2016 IEEE International Symposium on Information Theory
(ISIT), 2016, pp. 905-909.

M. Tomamichel, M. Berta, and J. M. Renes, “Quantum coding with
finite resources,” Nature Communications, vol. 7, p. 11419, 2016.

M. Mosonyi and N. Datta, “Generalized relative entropies and the ca-
pacity of classical-quantum channels,” Journal of Mathematical physics,
vol. 50, no. 7, p. 72104, 2009.

R. Duan and A. Winter, “No-signalling-assisted zero-error capacity of
quantum channels and an information theoretic interpretation of the
Lovasz number,” IEEE Transactions on Information Theory, vol. 62,
no. 2, pp. 891-914, 2016.

E. M. Rains, “A semidefinite program for distillable entanglement,”
IEEE Transactions on Information Theory, vol. 47, no. 7, pp. 2921—
2933, 2001.

D. Beckman, D. Gottesman, M. A. Nielsen, and J. Preskill, “Causal and
localizable quantum operations,” Physical Review A, vol. 64, no. 5, p.
52309, 2001.

T. Eggeling, D. Schlingemann, and R. F. Werner, “Semicausal operations
are semilocalizable,” EPL (Europhysics Letters), vol. 57, no. 6, p. 782,
2002.

M. Piani, M. Horodecki, P. Horodecki, and R. Horodecki, ‘“Properties
of quantum non-signaling boxes,” Physical Review A, vol. 74, no. 1, p.
12305, 2006.

T. S. Cubitt, D. Leung, W. Matthews, and A. Winter, “Zero-error
channel capacity and simulation assisted by non-local correlations,”
IEEE Transactions on Information Theory, vol. 57, no. 8, pp. 5509—
5523, 2011.

W. Matthews, “A linear program for the finite block length converse of
polyanskiy-poor-verdd via nonsignaling codes,” IEEE Transactions on
Information Theory, vol. 58, no. 12, pp. 7036-7044, 2012.

R. Duan and X. Wang, “Activated zero-error classical capacity of quan-
tum channels in the presence of quantum no-signalling correlations,”
arXiv:1510.05437, 2015.

L. Vandenberghe and S. Boyd, “Semidefinite programming,” SIAM
Review, vol. 38, no. 1, pp. 49-95, 1996.

X. Wang and R. Duan, “Improved semidefinite programming upper
bound on distillable entanglement,” Physical Review A, vol. 94, no. 5,
p- 050301, nov 2016.

A. W. Harrow, A. Natarajan, and X. Wu, “An Improved Semidefinite
Programming Hierarchy for Testing Entanglement,” Communications in
Mathematical Physics, vol. 352, no. 3, pp. 881-904, jun 2017.

X. Wang and R. Duan, “A semidefinite programming upper bound of
quantum capacity,” in 2016 IEEE International Symposium on Informa-
tion Theory (ISIT), vol. 2016-Augus. IEEE, jul 2016, pp. 1690-1694.
Y. Li, X. Wang, and R. Duan, “Indistinguishability of bipartite states
by positive-partial-transpose operations in the many-copy scenario,’
arXiv:1702.00231, feb 2017.

M. Grant and S. Boyd, “CVX: Matlab software for disciplined convex
programming,” 2008. [Online]. Available: http://cvxr.com/cvx
Nathaniel Johnston, “QETLAB: A MATLAB toolbox for
quantum entanglement, version 0.9,” 2016. [Online]. Available:
http://www.qgetlab.com

G. Chiribella, G. M. D’ Ariano, and P. Perinotti, “Transforming quantum
operations: Quantum supermaps,” EPL (Europhysics Letters), vol. 83,
no. 3, p. 30004, 2008.

X. Wang, W. Xie, and R. Duan, “Semidefinite programming strong
converse bounds for classical capacity,” arXiv:1610.06381, oct 2016.
C. H. Bennett, P. W. Shor, J. A. Smolin, and A. V. Thapliyal,
“Entanglement-assisted classical capacity of noisy quantum channels,”
Physical Review Letters, vol. 83, no. 15, p. 3081, 1999.

F. G. S. L. Brandao, J. Eisert, M. Horodecki, and D. Yang, “Entangled
inputs cannot make imperfect quantum channels perfect,” Physical
Review Letters, vol. 106, no. 23, p. 230502, 2011.

V. Giovannetti and R. Fazio, “Information-capacity description of spin-
chain correlations,” Physical Review A, vol. 71, no. 3, p. 32314, 2005.
X. Wang and R. Duan, “Separation between quantum Lov\’asz
number and entanglement-assisted zero-error classical capacity,”
arXiv:1608.04508, 2016.





