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Abstract

Suppose that two senders each obtain one share of the output of a classical,
bivariate, correlated information source. They would like to transmit the
correlated source to areceiver using a quantum multiple access channel. In prior
work, Cover, El Gamal and Salehi provided a combined source—channel coding
strategy for a classical multiple access channel which outperforms the simpler
‘separation’ strategy where separate codebooks are used for the source coding
and the channel coding tasks. In this paper, we prove that a coding strategy
similar to the Cover—El Gamal—-Salehi strategy and a corresponding quantum
simultaneous decoder allow for the reliable transmission of a source over a
quantum multiple access channel, as long as a set of information inequalities
involving the Holevo quantity hold.

PACS numbers: 03.67.—a, 03.67.Hk

Suppose that a correlated information source, embodied in many realizations of two random
variables U and V distributed independently and identically as p (u, v), is in the possession of
two spatially separated senders, such that one sender has U and the other V. Suppose further
that a multiple access channel, modeled as a conditional probability distribution p (y|xy, x2),
connects these two senders to a single receiver. When is it possible for the senders to transmit
the output of the correlated source reliably over the multiple access channel? A separation
strategy would have the senders first use a Slepian—Wolf compression code [25] to compress
the source, followed by encoding the compressed bits using a multiple access channel code
[13, 1]. The receiver would first decode the multiple access channel code and then decode the
Slepian—Wolf compression code in order to recover the output of the information source. This
strategy will work provided that the following information inequalities hold:

HUIV) <1 (X1;Y[X2), HVIU) <1XY[X1), HUV) <I(X1X2:Y),

where the information quantities are with respect to a distribution of the form
p (u,v) p(x1) p(x2) p (¥|x1, x2). The codewords for the multiple access channel code in this
scheme are generated independently according to the product distribution p (x1) p (x2).
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Cover, El Gamal and Salehi (CES) demonstrated the failure of a separation strategy
in the above scenario [3], in spite of a separation strategy being optimal for the case of
a single sender and single receiver [24]. They found a simple example of a source with
p©0,0) = p0,1) = p(1,1) = 1/3 and p(1,0) = 0 and a channel ¥ = X; + X»
such that the above information inequalities do not hold (H (UV) = log, 3 = 1.58 while
max,x)px) I (X1X2;Y) = 1.5), whereas the simple ‘joint’ strategy of sending the source
directly over the channel succeeds perfectly (set X; = U and X, = V so that the receiver
can determine U and V from Y). More generally, the main result of their paper is a joint
source—channel coding strategy to allow for the senders to transmit a source reliably over the
channel, provided that the following information inequalities hold:

HUV) < IX1; Y|XVS), HVIU) < I(X; YIXUS),
HUVIW) <I1(X,Xp; YIWS), HUV) <1(X,X3:Y),

where the variable W is defined to be the ‘common part” of U and V (to
be defined later), and the information quantities are with respect to a distribution
pu, v)p(s)p(xilu, s)p(xz|v, s)p(y|xy, x2). The advantage of the combined source—channel
coding strategy is that the codebooks for the multiple access channel are now allowed to be
correlated, because they are generated conditionally from the correlated source p(u, v).

We can also study the combined source—channel coding problem in the context of quantum
information theory. Quantum channels are models of communication which aim to fully
represent the quantum degrees of freedom associated with a given communication medium
[11, 22]. Understanding quantum degrees of freedom is of practical importance in the context
of optical communications (for the case of bosonic channels). For example, it is well known
that a quantum strategy at the receiver’s end of an optical channel can outperform a classical
strategy such as homodyne, heterodyne or direct detection [7, 8, 27, 9]. These latter results
suggest that we should consider the extension of the classical information theoretic results to
the quantum domain in order to study the source—channel problem.

The CES example above demonstrates that a separation strategy is not optimal in general
for the case of a quantum multiple access channel [29], in contrast to a separation strategy being
optimal for the single-sender single-receiver quantum channel [4]. (This result follows simply
because every classical channel is a special type of quantum channel.) For these reasons, we
feel that it is important to extend the CES theorem to the domain of quantum information
theory.

The main accomplishment of this paper is a generalization of the CES theorem to the
case of quantum multiple access channels with classical inputs x; and x, and quantum outputs
Px,,x,- Our main result is the following theorem.

Theorem 1. A source (U", V") ~ []_, p(u;, v;) can be sent with arbitrarily small probability
of error over a cq multiple access channel (X, x X3, Py, x,» HB), with allowed codes
{x] "), x;(V")} if there exist probability mass functions p(s), p(xilu,s), p(x2|v,s), such
that the following information inequalities hold

HWUIV) <IXi:BXVS),  HVIU) < I(Xx: BXIUS),

HUVIW) < I(XiXz; BIWS), HUV) < I(X1Xy; B).

The above information quantities are calculated with respect to the following classical-
quantum state:

Z pu, v, w)p($)p(xi|u, $)pe|v, $)lu, v, w, s, x1, x2)
u,v,w,s,xXy,x2

UVWSX\X, o B
X (u, v, w, 5, X1, X2 8 Py M
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The distribution p(u, v, w) is defined as

pu, v, w) = pu, V)8 fxu),wbe(v),ws

so that the random variable W = f(U) = g(V) represents the common part of (U, V). The
auxiliary random variable S also has the cardinality bound |S| < min{|X| - |)|, dim(H3z)?}
by using the same method in appendix A of [32].

Our proof of the above theorem is significantly different from the way that CES proved the
classical version in [3] (and even different from the later simplification in [2]). First, we require
the use of quantum typical projectors [11, 22, 26] (reviewed in appendix A), and furthermore,
we exploit and extend several recent advances made in the context of the quantum interference
channel [23, 6] (later applied in other contexts such as the quantum broadcast channel [20], the
quantum relay channel [21] and an entanglement-assisted quantum multiple access channel
[30]). Even if one were to consider the case of our approach applied to a classical channel, our
approach is different from that in [3, 2] (consider how our decomposition of the ‘error events’
in (9) differs from the error event decomposition in [3]).

A quantum successive decoding strategy [29, 6] cannot achieve the region given in
theorem 1, demonstrating a clear advantage of the quantum simultaneous decoding technique
[23, 6] in the setting of the quantum multiple access channel. We expect these simultaneous
decoding techniques to extend to many other scenarios in network quantum information theory
(indeed consider those already developed in [20, 21, 30]), in spite of the current limitation of
the approach to decoding the transmissions of at most two senders.

In the next section, we describe the setting of the problem and define the information
processing task that we are considering. Section 2 provides a detailed proof of theorem 1, and
we conclude with some final remarks and suggestions for open problems in section 3.

1. Information processing task

Suppose that two i.i.d. information sources Uy, Us, ..., U, and V}, V,, ..., V,, with distribution

pa', v = [ | i, vi)
i=1
are available to two senders, respectively.
Suppose that it is possible to arrange the matrix for the joint distribution p(u, v) into the
following block-diagonal form

e [P o) e (e v
w1 W) . W) ' @ - (w
p(u,w » V) ) e P(“lu, ) vr(nw))
for some w € {1, ..., k} and integers /,, and m,,. Then the common part [3, 5] of U and V is
the random variable W that is equal to w if (u, v) is in block w € {1, ..., k}. Observe that it is

possible to determine the common part from either U or V alone, simply by determining the
block to which a realization u or v belongs. We can define this common part by finding the
maximum integer k such that there exist functions f and g

f:U—={l,...,k}, g:V—>{1,... k},

with Pr{f(U) = w} > 0, Pr{g(V) = w} > 0, forw € {1, ..., k} with Pr{f(U) = g(V)} = 1.
We define W = f(U) = g(V). One can then write the distribution of U, V and W as

p(u, v, w) = p(U, V)8 w),wdgw),w-
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A combined code for the source and the quantum multiple access channel consists of two
encoding functions:

XUt — A7 V= A,
that assign codewords suitable for input to the quantum multiple access channel for each of

the possible outputs of the source. Upon input of these codewords x{(u") and x5 (v") to the
quantum multiple access channel, the quantum output for the receiver is

Pty () = Py )iz 0) @ 0+ @ Py () 33 (0 -

The receiver performs a decoding positive operator-valued measure (POVM) {A » ,»} whose
elements A, ,» are positive and form a resolution of the identity:

Au”,v” 2 07

g Aun’vn - I®n.

", vm)yeldn x yr

The end-to-end probability of error P in this protocol is the probability that the source is
decoded incorrectly by the receiver:

PP = 3 p" 0T = A prunysaon }-
(un’vll)eullxvu
We say that it is possible to transmit the source reliably if there exists a sequence of block
codes {x} (u"), x3 (v")} and a corresponding decoding POVM { A ,» } such that P — 0 as
n — oo.

2. Achievability proof

This section provides a proof of theorem 1, by allowing for the generation of a code randomly
and analyzing the expectation of the error probability under this random choice. The main
steps in the proof are the random construction of the codebooks, the design of a decoding
measurement for the receiver, and an error analysis demonstrating that the inequalities in
theorem 1 are a sufficient set of conditions for transmitting the correlated source reliably.
The random construction of the codebooks is identical to that in the CES paper [3], but
the difference for the quantum case lies in designing a collective decoding measurement for
the receiver (this is always the difference between any protocol for classical communication
over a classical channel and one for classical communication over a quantum channel). Our
decoding POVM exploits and extends the quantum simultaneous decoding techniques from
[23, 6], though the situation considered here is rather different from the one considered there.
First, we demand that the receiver only decode source sequences that are jointly typical. It
is natural that such an approach should perform well asymptotically, given that nearly all
of the source probability concentrates on this set. Second, our decoding POVM has several
conditionally typical projectors ‘sandwiched’ together in a very particular order, such that our
error analysis can proceed in bounding errors in terms of the information quantities appearing in
theorem 1. The decoding measurement is a square-root measurement [11, 22], though nothing
would prevent us from employing a sequential, simultaneous decoder of the flavor in [23].
Our error analysis carefully employs indicator functions over the jointly typical set of source
sequences (since we are decoding only over this set), and this approach allows us to introduce
distributions that are needed for taking expectations of quantum codeword states. Finally, we
decompose error terms in a way different from that in the CES paper [3], and in our opinion,
this error decomposition appears to be a bit more natural than the error event decomposition
appearing there.

4
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Proof. We split the proof into several stages.

Code generation. For every w" € W”, independently generate one s” sequence according to
n
p(s") = [Tr6n
i=1

Index them as s" (w") for all w" € W".
For every u" € U", compute the corresponding w" = f*(u") = f(u;)--- f(u,) and
independently generate one x| sequence according to

p(eilu, s" W) = [ pCeiilus, s:(w™)).
i=1

Index these x| sequences according to x7 (1", s" (w")).
Similarly, for every v" € V", compute the corresponding w” = g"(v") = g(vy) - - - g(v,)
and independently generate one x, sequence according to

n
P, 5" ™) = [ | pleailvi, si(w™).
i=1
Index these x; sequences according to x5 (v", 5" (w")).
Encoding. Upon observing the output u" of the source, sender 1 computes w”" = f"(u")
and transmits x (", s" (w")). Similarly, upon observing the output v" of the source, sender 2
computes w" = g"(v") and transmits x5 (v", 5" (w")).

Decoding POVM. We now need to determine a decoding POVM that the receiver can perform to
detect what codewords the senders transmitted. In this vein, we need to consider several typical
projectors (see appendix A) corresponding to several reduced states of (1). By considering the
following information equalities, we can determine which reduced states we will require:

I(X1; BIXoVS) = HBIX2VS) — H(BIX1X,VS)
= H(B|X,VS) — H(B|X1X»),

I(Xy; BIXiUS) = HBIX,US) — H(B|X1XxUS)
= H(B|X,US) — H(B|X\X3),

1(X,Xy; BIWS) = H(BIWS) — H(BIX; XoWS)
= H(B|WS) — H(B|X,X3),

I(X1X2; B) = H(B) — H(B|X,X2).
Thus, it is clear that five different reduced states corresponding to the entropies H (B|X,V'S),

HB|X,US), H(B|WS), H(B) and H(B|X;X,) are important.
First, we consider the reduced state on X,V SB:
Y p)p$)palv. s) v, 5. x2) (v, 5. 52" @ 0
v,8,X)

where we define the states o), as

ol =Y P, wv)plalu s)pf

u,w,xy

= Zp(mv)p(xllu, s)pf]’Xz. )

u,x
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The second equality follows from (D.1). Corresponding to a tensor product afjix”’ﬁé =

ol ®--®al  of these states is a conditionally typical projector Mo, 4> Which
we abbreviate as Iy ). The rank of each of these conditionally typical projectors is

approximately equal to 2"#BXVS) Let p( denote the following state:

P =" plxilu, )pk - 3)

X1

Next, we consider the reduced state on X;USB:

> pwp)prlu, s) lu, s, x1) (w5, 511" @ f

u,s,x|

where we 51eﬁne the states a)ﬁul = ZMZ plu)p(x|v, s),of] x,+ Corresponding to a tensor

productw?, , . of these states is a conditionally typical projector e, » »» which we abbreviate
", S

as Iy sn). The rank of each of these conditionally typical projectors is approximately equal
to 2"HEBXUS) Let p() denote the following state:

P =" plalv. )l .. 4)

X2
Third, we consider the reduced state on WSB:
> pw)p)lw, spw. s @ 8 .
w,s
where the states 7  are defined as

.= Y plu vlw)pilu. $)ptalv, )ph .. )

X1,X2,U,V
Corresponding to a tensor product rgzqs,, of these states is a conditionally typical projector
I, ., which we abbreviate as Il ,n). The rank of each of these conditionally typical
projectors is approximately equal to 2" BWS),
Fourth, we have the state p® obtained by tracing over every system except B:

p'= > pluv,w)p(s)palu, s)ptalv, Hp .
u,v,w,s,X1,X2
To a tensor power (p%)®" of this state corresponds a typical projector [5e:, which we
abbreviate as just T1. The rank of this projector is approximately equal to 2"7®),

Finally, we define the tensor product states pfﬁ;x;, which correspond to the outputs of the
channel when x{ and x7 are input. To these states corresponds a conditionally typical projector
M, ,. which we abbreviate as I . Its rank is approximately equal to QnH BIX1X2)

We can now construct the decoding POVM for the receiver. For every (u", v, w") € 7"
(with 7" the joint weakly typical set defined in appendix B), consider the following operators:

1—‘u",v",u)" =1 1_[s"(w“) Hx’f(u",s") Hx]’(u“,s"),x;(v”,s”) Hx’l’(u",.v”) Hx"(w") IT. (6)

Note that we define these operators only over (u", v", w") € 7" and set them equal to zero
otherwise. The measurement for the receiver is a ‘square-root’ measurement of the following

form:
—1/2 —12

Au”,v",w” = E Fu’”,v”’,w’” Fun’vn’wu E Fu/u’v/n!w/n

wn v wn)eTn wn v, wn)eTn

Error Analysis. The decoding error is defined as follows:

Z p@", v") Pr{error made at decoder | (&", v") is the output of the source}.
(W ") el x V1

6
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For our case, this reduces to
Z p(un’ vn) TI'{ (I - Au”,v”,f” (u”))px'l‘ (u,sm),x5 (v, 5") }

!
— Z p([,{”, vn, w'l)Tr{(I— Au“,v",w")p;dl’(u",s”),x;(v”,s”)}-
u v wh

We also allow for an expectation over the random choice of code. We will introduce this when
needed in order to simplify the error analysis (at the end, we will determine that the expectation
is not necessary—that there exists some code by a derandomization argument):

Z p @' V", w") Eg Exppnse xpjonse {Te{( — A v ) PX7 i 50), x5 (0m,5) -
uﬂ’vﬂ’w/l
Our first ‘move’ is to smooth the state by the projector [Ty, ) (this is effectively ‘smoothing’
the channel). That is, we can bound the error from above as

Z p(l;{n s vn s w'l) Tr{ (1 - Au",v”,w” ) HX;(U”,S”) IOXIM (u”,S”),XZ"(U”,S”) HX; (v*,8m) }
-

+ Z p", V", whlpxr e sy xpnsny — Txpan sty oxpaesm).xgp sy xgansylli: (7
e

By introducing the expectation over the random choice of code Eg» IEXW” S Xg s, WE €an
bound the second term from above by 2./€, by applying the gentle operator lemma for
ensembles (appendix C) and the properties of quantum typicality:

Z p @, ", w") Egi Exrjnse xpjonse

u v wh

X {1l ox e smy X2 m.smy = Tz qonsny x5y xensny Txonsn 1} < 24/€.

We now consider the first term in (7) and make the abbreviation
! —
pX;‘ (u”,S”),Xz"(v",S”) = HX;(U”,S“) p. ]/x (u”,S”),XZ" (v, 8") HX;(U”,S”) .
This term naturally splits up into two parts according to the typicality condition (u", v, w") €
Tl‘l .
D PV WTHT = A ) P smyxponsm 1)

u, v, wh

x [Z(@W", v",w") e T") +Z((u",v", w") ¢ T")]
= Z p", v", wH{Tr{( — Ay yn ) P),(]n(un,sn),x;(un,sn)}}I((M", v, w") e T")

o
’
+ Z p(u", V", w"){Tr{pX{’(u”,S”),X;(v”,S“)}}Z((un, v w'y ¢ T (8)
R
where in the last line we used that Ay yn v = 0 whenever (u",v",w") ¢ 7T". (We

have also introduced an indicator function Z((u", v", w") € 7™") which is equal to one if
", v", w") € T" equal to zero otherwise.) We now apply the well-known Hayashi—Nagaoka
operator inequality (lemma 2 of [10]) to the term in the third line, giving the upper bound
2 Z p", V", wWH{Tr{(I — Ty yn ) p;(r(un’sn),xéx(vnysn)}}I((u", vViw") eTh)
", v, w"
+4 3 pa v w") 3 [TE{Cun v P sy g0, )
u vt wh (um v wm)Z£ (Ut v, w')

X Z(",v", w") € THZ(W", v, w™) eT")
Doubling the term in the last line of (8) and adding it to the first above gives the following
upper bound:
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2 Z p(un’ vn7 wn){"[‘r{([ — Funyvnywrl) p)l(ln(un’sn)yxg(vn’sn)}}

u, vt wn

’
+4 Z p(un, Un, w") Z {Tr{rum,v/n’wm IOXI”(u”,S"),XZ"(U”,S")}}

un,vrl’wn (u’”,v’”,w”‘)#(u”,v",w”)

x Z((",v", w") € THZ((u™,v", w™) e T").

We bound the first term, by introducing the expectation Egn IEXW §1.X2 s and considering
that

Z p(un, Un, w")]ESu EX{1|M"S",X2"|U"S" {Tr{l—‘un’uu‘wn p;(l”(u",S”),Xg(v",S”)}}
u v wh

J— ’
= Eynymwnsixpxy {TH{T o v xn om0y x2vm s}

= IEUn V”W”S"XI"X; { TI‘{

= Eynymwngixpxy {Te{Txp wn smy xpvm,sm) Oxpwn,sm.xpvn smlh

I1 Hsn(Wn) HX"(U” Sm) erl(Un Sm), Xn(Vn Sm) erl(Un ) Hsn(Wn) X
l_[ HX”(V" Sn) IOX"(U" S") X” (Vn S/x) HX" (Vn S”

= Eynymwnsnxpxy {l oxpwn sy xpve sy — g sy pxpn,sm xpovesy Dxpom sl
= Eynymwnsnxpxy {l oxpwn sy xpve sy — IL pxpm,smy xpvn smy Y
= Eunynwnsnxpxy {loxpwn.smy.xpoomsny — Hsnqwny pxon smy xponsry Dsnwny 11}
= Eyrymwnsnxoxy {loxpwn,smy xpvesmy — Dxpn smy pxpwn smy.xgvnsny Dxpn,smlli
>1—¢€—8,
where we have used the trace inequality Tr{Ap} > Tr{Ac} — | p — o |1, properties of quantum
typicality, and the gentle operator lemma for ensembles. Thus, we obtain the following upper
bound on the error:
n n n /
2e+8JE)+4 Y pl' v w") > {Tr{Tum v wm P n 50y, x3 (0,5 )
uﬂ’vﬂ’w” (u/ﬂ’vﬂl’w/’l)#(un,v!l’w”)

xZ(@W", v, w") e THZ(W", v", w") eT").

The sum Z(u,,.’um’w,,,) £, o () can split up in the following seven different ways:

> Z()+Z()+Z<)+Z()

(u’”,v’”,wm)aé(u”.v”,w”) W, W= Wit W,

=" /”;év

wh=w" wh=w" w’”;ﬁw” wh=w"

+ O+ DO+ DO,
u"#u", u"=u", u"#u",
v =v", vV, v £V,

w/";éwn w/”;éw" w/";éw"

n m

V=y", U’"#U , v

Though, considering that #”* = u" implies that f"(u™) = f"(«") and thus that w” = w", the
terms in the following sums do not occur:

YO+ DO

u"=u" u"=u"
v/nzvny v/n#v’l7
wFEw" wFw"
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Similarly, we have that v"* = v" implies that g" (v"*) = ¢"(v") and thus that w” = w", and so
the terms in the following sum do not occur:

2. O
s
—
w//l#,u)/l
So this leaves us with the following decomposition of the overall sum into four different sums:

> =D O+ DO+ DO+ > O, ©)

(™ " W) (v, wn)

u/)lséuﬂ, Mm:uf'l7 u/)l#ull, M/I’l?&uf'l7

UUL:,UII’ v"’;ﬁv”, U”L#U", U/n;é]}”,

w/nzwn w/ll:wn w/nzwn w’”;éu)"

—— N—— —— N——
o B Y A

where we label the four different error terms as «, 8, y and A.
We now analyze each of these sums individually and introduce the expectation
Eg IEXIn lun " X2 oS which corresponds to the expectations over the random choice of codebook.

Error a. Consider the error term from the first sum:

4 Z p(uny v, w") Z Eg» ]EXf\u”S",Xz”\v”S”{Tr{ru’",u",w” p),(]n(wz,sn),x;(vn,sn)}}

wn v, wh un
x Z(W",v", w") e THZ(W™,v", w") e T").

Let us focus on bounding the middle part of the above expression:

E : ’
IES” IE)(l"lu"S",Xz"|v”S" {Tr{FLt’”,v",w” [OXI’l(ullysn)'in(vnysn)}}

W

= E Egn Exrpunse xgwnse {TH{Twn v wn g on 50y Pxr e 5).x3 @wrsmy g o smy 1}
u/ll#uﬂ

= E Egr Exgpunse {Tr{Tun v wn Txp om smy Expunse {oxz 57 x5 o 5m } Mg o, sy 1
u/ll#,,‘!l

_ § ")

= ES” ]Exg‘vnsn{Tr{Fum,vn’wn HXZY’(UU’SH) 'OX;(U",S”) l_[in(vn’Sn)}}.
urn;éun

The first equality follows from the definition of Py, i) yn (. sn- The second equality follows
1 507,45 (U5,
because u™ # u" and from the way that the code was chosen randomly. The third equality is
from the definition in (3):
Expinse {oxp e 5 xp0n,5m ) = P}%(Lﬂ,sm'
At this point, we substitute back into our earlier expression and continue upper bounding:
Z pu", ", w") Z Egr Exyjynse {Tr{Tum v wn Tlxp on sm) p)((lzrtl()vn’sn) Iy on 5m) 1}
unyvnqwn u/}’I?éull

xZ (", v", w") € THZ((u™, V", w") e T").
Consider the following inequality:

Z p@", v, w") = Z P V") p(V")8un, 1 (urySun, g (vr)

", v wh un " W

< Y P PO Sun -

w v, W
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Substituting and distributing gives us the upper bound:

g Z P(vn)‘sw”,g”(un)

v

X Z Esn EXZ"lu"S” {Tr{lﬂumyvn’wn szn(vnysn)(Zp(u”lvn)p)((zl(ansn)) HXZW’(UU’Sn) }}
uﬂ

MUX#’/‘“
x Z(W",v", w") € THIZ (W™, v", w") € T").

g Z P(Un)514;",g"(u'*)

B
X Z Esn EX2n|UnSn {Tf{rum,vn,wn ng(vn’sn) ( Zp(u"lv”)p)g';(ijnys,l)) szn(vn’sn) }}
u'”;ﬁu” u"
X Z((W", ", w") eT"),
where the second inequality follows from dropping the indicator function Z((«", v", w") €

T™). Focusing on the expression in the middle (and omitting the indicator function for the
moment), we have

Z Esu EXéllv”S" {Tr{ Fu/n,vn,wn HXZW’(UU’Sn) ( Z p(u”|v")p)((’zl()v”,5")) ng(vngsn) } }

unFEu "
= Z Esﬂ ]EXZU‘UVLS’Z {Tr{ru’u’vn’wn HX;(U",S”) O‘X;(U",S”) Hxél(vn’sn)}}
Wt
—n[H (B|X;VS)—§
< 2 nlH (BIX2VS$)=4] Z ES” EX;\U”S”{Tr{ru”’,v",w" HXZ"(U”,S”)}}

wnun

_ 2—11[H(B|X2VS)—5] Ea E T I1 HS”(w”) Hxl"(u’".s”) HX{’(L/”,S”),X;(U”,S”) X
= gn X s r u n 10
W X{'(u™,8") St (w") X3 (v",8")

< 2—11[H(B\X2VS)—5] Z ES” Exél‘vnsu{Tr{HX]M(u/n’SIz)VXﬁx(vn’Sn)}}
unFEu"
< o~ nlHBIX2VS)—8]nlH (BIX1X2)+6] Z 1.
wnut
The first equality follows from the definition in (2):
Oxg (o, 5m) = ZP(M"|Un)P;((Zn()vn!Sn).
MVI
The first inequality follows from the property (A.3) of conditionally typical projectors, applied
to the state oxy (s and its corresponding typical projector Ilxy» s1). The second equality
follows from the definition (6) of I'yn ,» ,». The second inequality is from cyclicity of trace
and the fact that IT, ITg:(yn), [xp@wn sy < 1. The final inequality is from the property (A.2)
of typical projectors (for the projector ITxy u» sv) x . s7))- Substituting back in, we obtain the
upper bound

< 2—n[H(B|X2VS)—5]2}1[H(B|X1X2)-HS] Z p(U”)awn_g"(v") Z I((um, Un, wn) e Tn),

v wh wn

which we can further upper bound as
< 2 HBIXVS) =81 pnlH (BIXi Xo)+5] Z PO Sur g Z P, w2 H UV

v 't

< 2 —nH (BIX2VS)=8lnlH (BIX1X2)+8]1 ynlH (UIVW)+4']

— 2—n[1(X1 ;BIXoVS)—H(U|V)—25—-8']

10
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where we exploited the fact that
I((u/n Un wn) c Tn) < p(u/n|vn wn)zn[H(UIVWH—g/].

(See appendix B for a discussion of this fact.) Substituting this back into our original expression,
we have the bound:
< 4 2 UGBV —HUWV) =255

Error 8. We now handle the error from the second sum:
4 Z p(un, Un, w") X Z ]ES” EXl”lu”S",Xé’\u”S"{Tr{ru”,v’”,w” p)/((l(u",S”),Xé’(v",S”)}}
W W U/n#vn
xZ (", v", w") € THZ((u", v, w") e T").
Let us again focus on bounding the middle part:
Z Egr Exppunse xgunse {Tr{Tun v p}’(;’(un’sn)’xzn(vn’sn)}}'
U/n7év”
Expanding Ey;yngi{Uyn vn un} as
Exgjuns{ T,
= EX;'U’"S"{H Hsn(wn) HXIVI(MIX,SH) HXF(M",S"),X;(UM.S“) HX]"(MH’SH) Hsn(wn) 1-[}
== 1_[ HS”(],U”) Hxil(un,sn) IEXZI"U,”S”{Hxlr’(u’l,sn),XZn(U/”,Sn)} HX]”(M”,S") Hsn(wn) 1_[
H(BIXiX2)+5
< 2MHBXX) T [ g yny T g,y Boxgomse {0x0 5. o5} T, sy Tnuomy T1
H(BIX X "
— nlHBIXiX2)+8] 7 g (um) HXlrl(unysu) p)((ll')’(;“,S”) HX]”(u",S”) ITgn ) IT.
The first equality is a definition. The second equality follows because v # v" for terms in
the sum and from the way that the code was chosen. The first inequality is the “projector trick’
discussed in appendix A. The final equality is from the definition in (4). Substituting back in
gives the upper bound

")
< QIH BIXX)+5] Z Eg E {Tr{n ey Txpensm) Pxn sy T sm) }}
n|,,nQn ’
ot X |u"S", X gn(ymy I1 Oxo ur $1).X2 (u7,87)
XJ|os"

x Z(@",v", w") € THIZ((u",v", w") e T").
We now note the upper bounds
Z(@", 0", w") € THIZ(W", ", w") € T") < Z((u",v™") € T")

< p(v/nlun)zn[H(VlU)+8’]
which upon substitution and distribution give the upper bound

I1 Hsn(wn) X,"
< QHERI VDI, B {TF{HX;’(M",S") (C o PO 1) o 51)) nxw,su)”

Iuts”,

/
X2”|U"S" X HS”(w”) H 'OXI"(u",S”),Xé’(v",S”)

< 2n[H(B|X|X2)+5]2n[H(V\U)+5’]2—n[H(B|X1US)—(S]ESH E . I1 HSn(wn? HX]"(WI,S")X
X uS", My TT Pk 50, x5 01,57
Xj|v"s"

< onlH (BIX1X2)+8]yn[H(VIU)+8'] o —n[H (BIX,US) 4]

— p—nll(X2:BIX\US)—H(V |U)—8'~25].

Substituting back in then gives the bound:

4 2—n[I(X2;B\X1US)—H(V\U)—(S’—26] Z n wn) < 42—n[1(X2;B\X1US)—H(VIU)—(S’—Z(S]'

pu", v,

v, wn
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Error y. We now handle the error from the third sum (this error corresponds to the common
part w" being decoded correctly, but " and v" both being decoded incorrectly):

4 Z p(un, Un, wn) X Z Esn Exlnlunsnyxznwnsn {TI‘{FM/n’v/n’wn p)/(]n(un.sn),xzu(unysn)}}

u, v wn u’";&u",v"‘;ﬁv"

X I((Mn, vn7 wn) c TH)I((MIH, U/n, wn) c Tn).
Again consider the middle part:

’
E Egr Exp e xgjunse {THTum v wn O n sy x3 0n 51}
u/niu’l’

U’”?évn

IT HS” (w") HX{’(u/",s") HX]"(M”’,S”),XZ"(U"’.S”) X
= Esn ]EX;’\L!”S”,X;\U”S" Tr l—[ l—I l—[ /
Z Xp(m,smy LSty AL Oxn g gny, x (o, 57

un #u",

U’”#Un

H Hsn n Hxn m_ gn X7 (i, Sm). X" (v, Sn) X
< BRI Ry EXW,S,&X;U”S“{Tr{ o Dt oxumsgonsx 1|
Xy smy LLst ey 1L Oxn g gny xo (o, 57
W,

U/rl#UIX
Here, we have again used the ‘projector trick inequality’:

) < zn[H(B\X]X2)+5]

Ix em s X2 (57 DX (u'n §7), X3 (v, 1)

Now we introduce the expectations over the random choice of codewords. Since v # v", this
means that there are two independent random codewords involved, namely X (v", $"(w"))
and XJ' (v™, §"(w")). We take the expectation Ex,»s: inside the trace and obtain
2
(v

l_[ nsn n erz m. gn ,,”),n n HX" m_ gny X
2"[H(B\X1X2)+5] Z Eg EX;’M"S”,XQU“S"{Tr{ (w") @, sm) 'OX] (u™,Sm) UL .

/
Hsn(wn) n IOXI"(M",S”),XZH(U",S“)
u/n;éu’l,

U’"?‘évn

We will also exploit the following ‘indicator function trick’ in order to bound the full error
event probability:

(", 0", w") € THZ(", 0", w") € T") < Z((",v",w") € T")
< QUHWVINAST iy pym)
— 2n[H(UV|W)+8’]p(u/n | wl’l)p(v/l’llu/n, wn)
— 2”[H(UV|W)+8/][)(M,”|wn)p(vm|um),
where the last equality holds because p(v"|u”, w") = p(v"|u™) whenever w" = f(u") =
g™) = f(u") = g(v™) (which we know is true for terms in this third sum—otherwise, the
delta function from p(u", v", w™") ensures that the whole expression vanishes). Combining the
results of the projector trick inequality and the indicator function trick, we then get the upper

bound

< 2n[H(B\X1Xz)+5]2n[H(UV|W)+8’J Z p(u/nlwn)p(v/n|u/n)

um;&un,
v’“;ﬁv"

")

IT Hsn(wn) Hxl”(u/",s”) pX]"(u’”,S") HX]"(M’”,S”)X

X]Esn EX]"\M"S”,X;\U”S" Tr ,
ey TT Py 5oy xpum.5m)

12
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2n[H(B|X]X2)+5]2n[H(UV|W)+8] Z P(u )

wn
I1 Hsn(wn) erz(u/n sm) (Z mn p(v/"|u/")p n(u/y, S”))X }}

X]Esn EX]"\M"S”,X;\U”S" {TI'{
HXI”(u/",S”) HS" (w") I1 le”(u”,S”),XZ"(U”YS”)

Continuing, we have
< 2n[H(B|X]Xz)+5]2n[H(UVIW)+6’] Z p(u/nlwn)

un

X Egn EX]”\u“S",X;\v“S” {TI‘{H Hsn(wn) ( Z p(v’”lu’")p)((?(t)l,,,ys,l» Hsu(wn) IT p;(ln(unysn)’xél(vnysn)

i
— DMHBIXi X2)+8]ynlH(UVIW)+8']

I HS"(W")(ZL{/”,U/” p(u’”lw”)EXanSn {p(vmlum)p)((l']’(li’",S”)}> Hsn(wn)x
XEsn EX”\ ngn T !
11U,

/
Xp s IT x5 3 (om.57)

= QHBXX) ) HOVIN+T o {Tf {H HS"(u/)”) e ”
]y xT1 pxln(un,sn),xg(v",s")
Xojnsn
H(B|X1X2)+8]An[H g rHBWS)—
< 2MHBIXiX0)+81nlHUVIW)+6' 5 —nlH (BIWS)—3]

X ]Esn EX;’\M"S",X;\U”S"{Tr{n Hsn(wn) I1 p;(]n(un’sn)’xéx(vn’sn)}}
< onlH (BIX1X2)+81pnlH (UVIW)+8'] 5 —nlH (BIWS)—3]

— 9=l Xo:BIWS)—H (UV|W)—25—5']

The first inequality follows from the fact that

HX”(M"‘ D) (ZP(U/H|MM)p n(un s )HXI"(M’”,S")

v/’l
12
(Zp(l}/n|u/n)pxn(um S”)) Hx’]n(u/nysn) < Zp(v’nw/n)p)((?(;mysn))

v/)l
Z p(Um|u/")p(lr}1(,im’5u)~

1/2

The first equality follows from bringing the sum ) _ ., p(u”"|w") and expectation Exn),nse inside
the trace. The second equality follows from the definition in (5):

Tsn(wn)y = Z p(u/"lw")]EXil‘umsn {p(v |M/n),0 ”(u’" S”)}'
The second inequality follows from the property (A.3) of conditionally typical projectors:

—n[H (BIWS)—5
Mg () Tsr ) Mgnauny < 27FEWS g0 .

The final inequality follows from the bound:
Tr{H Hsn(wn) IT p),(ln(un’sn)’xg(vn’sn)} <1

Error A. Finally, we upper bound the error from the last sum, which corresponds to all
components of the source being erroneously decoded:

n n n !
4 E p”, v", w") x E Eg EX]"\M"S",X;\u"S" {Tr{T oy ym e er(un,sn),x;(vn,sn)}}
uﬂ’vﬂ’w’l u!n;éu»t’vm#vn’wm#wu

x Z(W", v, w") e THZ(W", v, w™) e T).
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<4 ) ) p@Hpe w'

u™ " wm u, vt w"

X Tr{Fu/»t’v/n’w'u ]ESH EXFlL{"S”,X;lU"S"{HXZH(U",S") IOXI"(M”,S”),XZ"(U”,S”) HX;(U",S")}}
XI((M/I‘L’ v/n’ w/l‘l) E T’Z)’
where the inequality follows from dropping the indicator function Z((u", v", w") € 7").
Considering that
P, w0y = pQu[V" )8y g1y B g a)
< p(un|vn)8w",g”(v")

we have the upper bound:

S 4 Z Z p(vn)gw”,g’l(u”) Tr{ru’".v/".w/" Esn EXS\U”S”

/1 U 1 n n
u™ " wm vt w

X { HX;(U",S") ( Z p(un|Un)EXl”|unSnpX[”(”"vS”)vxzn(v"vS”)) HX;I(UM,SVL) } }

u"

X (W™, v", w") e T,

<4 )0 > p")bun g

um’um’wm v'l’wn
< Tr T IXgnquymy Txn gum sy Tl um,smy, xz om, ) Tl o smy Tl qumy 11X
Egi Exgunsi { Qo @ V) Exrjinse oxnun 1) x2 0,57}
x Z(W™,v", w™) eT"),

where the second inequality follows from the fact that ), P V") Exnjunse 0x7 57,3 (01 57)
and ITxy(yn sv) commute. Continuing, we have

— 4 Z Tr H Hsn(w/n) Hxl’l(u/n,sll) HXIn(Ll/n,Sn),Xél(v/”,S”) Hxlll(u/n,sn) Hsn(w/n) H X
Qo P8 g1 oy Bisn Exrponge {30 p("|0") Exrnsn ox7 57y, 700,51 })

x Z(W™, V", w™) eT"),

= 4 Z Tr{HSn(wm) HXI”(M/”,S") Hxl"(u’".s”),Xé‘(v”’,sn) Hxlrl(u/n,SU) Hsn(w/n) Il ﬁ@m H}

u " wn
x Z(W™,v", w™) eT")
—n[H (B)—8
< 427 HEB Z Tr{Ign umy Ty smy My sm),x3 m,smy Txp n,smy Tlgn oy T1}

M/II!U/II!w/n

xI((u™, ", w™) eT™)

<4 2—n[H(B)—6] Z 2n[H(B|X1X2)+8] :Z'((M/n7 U/n7 w/n) c Tn)
u/nyv/nyw/n

—4 2—}1[H(B)—5]2n[H(B|X|X2)+5] Z I((u/n v/n w/n) e Tn)

wn oy wn

< 4 zfn[H(B)féj2n[H(B|X1X2)+6J2n[H(UVW)+8]

wn pm
LU,

— 4 9l (X3 B)—H(UVW)—33]
The first equality holds from the definition of p as the average output state

—Qn __ § n n
p = p(u , U )Esn EX5’|U”S"EX1"|u"S"pX{’(u",S”),X;(v",S”)'

u" "

14
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The first inequality follows from (A.1). The second inequality follows because ITyy» ),
g wny and II are all less than the identity and the property (A.2) of the projector
x5y, x2 0 57 -

Thus, it is clear that as long as the information inequalities in the statement of
theorem 1 hold, then the expectation of the error probability can be made arbitrarily small as n
becomes large. This implies the existence of a particular code which accomplishes the desired
information processing task. |

3. Conclusion

We have proved a quantum generalization of the Cover—El Gamal-Salehi theorem, regarding
joint source—channel encoding for transmission of a classical correlated source over a multiple
access channel. The theorem should be useful in applications concerning communication over
bosonic quantum multiple access channels [33]. The main tools needed to prove this theorem
are an extension of those developed in the context of the quantum interference channel
[23, 6], combined with some further analysis using the ‘indicator function trick.’

Future work might pursue extensions of theorem 1 to other interesting scenarios.

(1) Joint source—channel coding (JSCC) with extra side information [19].

(2) JSCC where the criterion is replaced by lossy transmission in the rate-distortion sense
[14].

(3) The goal of the protocol is computation over the multiple access channel [16].

(4) JSCC in analogue—digital hybrid coding scenarios [15].

Another very interesting pursuit would be the ‘fully quantum’ generalization of this
problem, where the goal would be to transmit a correlated quantum source over a quantum
multiple access channel. The decoupling techniques from [12] should be useful in this context,
and one would expect a nice extension of the theorem from [12, 31].
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Appendix A. Typical sequences and typical subspaces

Consider a density operator p with the following spectral decomposition:

p = px®x)(xl.

The weakly typical subspace is defined as the span of all vectors such that the sample entropy
H(x") of their classical label is close to the true entropy H(X) of the distribution py (x)
[17, 26]:

T = span{|x") : |H(x") — H(X)| < 8},
where

— 1

H(") = ——log(pxr (),

H(X) == px(x)log px (x).

X
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The projector IT) s onto the typical subspace of p is defined as
ns= Y, WK,
xneTEX”
where we have ‘overloaded’ the symbol T;¥" to refer also to the set of §-typical sequences:
X =W : [HX") —HX)| < 8).
The three important properties of the typical projector are as follows:
Te{IT) 50"} > 1 — e,
Tr{nz’a} < 2n[H(X)+5],
2_n[H(X)+8]HZ,5 < HZ,&/’@nHZ,(S < 2_n[H(X)_8]HZ,8’ (A.])

where the first property holds for arbitrary €,8 > 0 and sufficiently large n. Consider an
ensemble {px(x), py}rex Of states. Suppose that each state p, has the following spectral
decomposition:

pr =Y Prix (V0 1ya) Ol
y

Consider a density operator p,» which is conditional on a classical sequence x" = x - - - x;;:

Pxn = Py - ® Px, -
We define the weak conditionally typical subspace as the span of vectors (conditional on the
sequence x) such that the sample conditional entropy H (y|x") of their classical labels is close
to the true conditional entropy H (Y'|X) of the distribution pyx (y|x) px (x) [17, 26]:

7™ = span{ly") : [HG"|¥") — H(Y|X)| < 8},
where

TT (1] 1 n
HY'|x") = —;log(men(}’ X)),

HYX) ==Y px(0) Y prix(vh) log pypx ().
X y

The projector IT,, s onto the weak conditionally typical subspace of p,- is as follows:
Mpus= Y a0l
yne’r‘ayn‘xﬂ
where we have again overloaded the symbol YZSY "™ to refer to the set of weak conditionally
typical sequences:
T = HG ) - HYIX)| < ).
The three important properties of the weak conditionally typical projector are as follows:
]EX” {Tr{npxu,(spx”}} = 1 - €,
Tr{M,, s} <2"H0PO+, (A2)

AW s < T, 5 oo T, < 27MATIO=ITT o (A.3)

where the first property holds for arbitrary €, § > 0 and sufficiently large n, and the expectation
is with respect to the distribution px» (x").
An operator inequality that we make frequent use of is the ‘projector trick inequality’:

Hp 5 < 2n[H(Y|X)+5]px”.
This follows from (A.3) and the fact that IT,, s px I, 5 < Py

16
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Appendix B. Weak joint typicality and the indicator function trick

Consider the joint random variable (X, Y') with distribution p(x, y). We define the weak jointly
typical set 7" as the set of all sequences whose sample joint entropy is close to the true entropy
and whose marginal sample entropies are close to the true marginal entropies:

T ={(" ") [HX") —HX)| <5, [HY") —HY)| <6, [HK',y") — H(XY)| < 8}
This definition implies the following inequalities:

I(",y") € T") < p(x)2"HEH1,

I(",y") € T") < p(y")2"HO+,

Z(@"y") € T") < p, y") 2",

Additionally, the restrictions on the marginal and joint sample entropies imply that the
following inequality holds for any (x", y") € 7":

[H@'|y") —HX|Y)| < &,
for some &' that is a function of §. In turn, this inequality implies a different ‘indicator function
trick’:

<
<

T(W'y") € T") < p@'|y" )2 e+,

Appendix C. Gentle operator lemma

Lemma 2 (Gentle operator lemma for ensembles [28, 18, 26]). Given an ensemble {px (x), px}
with expected density operator p = Y px(x)px, suppose that an operator A such that
I > A > 0 succeeds with high probability on the state p:

Tr{Ap} > 1 —e€.
Then the subnormalized state ~/Apg/A is close in expected trace distance to the original
state py:

Ex{lIvApxvVA — pxlli} < 24/

Appendix D. Marginal and conditional distributions formed from the source
distribution

In this appendix, we detail several properties of the source distribution p(u, v, w), under the
assumption that W is the common part of (U, V) ~ p(u, v) (as described in the main text).
First, we demonstrate the following equality:

> plu, wlv) = pulv)

Consider that

S plu, wipy = 30 2V

—~  p)

p()
_ P, ) 3 8w s gw)
p(v)

_ Z p(“a U)Sw,f(u)Sw,g(v)
w

_ p(u, v)
p(v)
= p(ulv) (D.1)
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Similarly, we have

> p. wlu) = pulv). (D.2)

w

We would like to show that

plu, w) = p(vlu),

which seems reasonable since knowledge of u and w should be the same as knowledge of u
alone (given that w is computed from «). We have

p(u, v, w)
pu, w)
_ Pl v)p, v)
p(wlu)p(u)
_ CSw.f(u)5w.g(v)p(v|u)

p(vlu, w) =

8w, fu)

This distribution is only defined whenever w = f(u).

References

(1]
[2]

[3]
[4]

[5]
[6]

[7]
[8]
[9]
[10]
[11]
[12]

[13]
(14]

[15]

(16]
[17]

[18]
[19]

[20]

18

Ahlswede R 1974 The capacity region of a channel with two senders and two receivers Ann. Probab. 2 805-14

Ahlswede R and Han T S 1983 On source coding with side information via a multiple-access channel and
related problems in multi-user information theory IEEE Trans. Inf. Theory IT-29 396-412

Cover T M, Gamal A E and Salehi M 1980 Multiple access channels with arbitrarily correlated sources IEEE
Trans. Inf. Theory IT-26 648-57

Datta N, Hsieh M-H and Wilde M M 2012 Quantum rate distortion, reverse Shannon theorems, and source—
channel separation [EEE Trans. Inf. Theory at press (doi:10.1109/TIT.2012.2215575)

Gamal A E and Kim Y-H 2010 Lecture notes on network information theory arXiv:1001.3404

Fawzi O, Hayden P, Savov I, Sen P and Wilde M M 2012 Classical communication over a quantum interference
channel IEEE Trans. Inf. Theory 58 3670-91 (arXiv:1102.2624)

Giovannetti V, Guha S, Lloyd S, Maccone L, Shapiro J H and Yuen H P 2004 Classical capacity of the lossy
bosonic channel: the exact solution Phys. Rev. Lett. 92 027902

Guha S 2011 Structured optical receivers to attain superadditive capacity and the Holevo limit Phys. Rev.
Lett. 106 240502

Guha S and Wilde M M 2012 Polar coding to achieve the Holevo capacity of a pure-loss optical channel Proc.
IEEE Int. Symp. on Information Theory pp 546-50 (arXiv:1202.0533)

Hayashi M and Nagaoka H 2003 General formulas for capacity of classical-quantum channels /EEE Trans. Inf.
Theory 49 1753-68

Holevo A'S 1998 The capacity of the quantum channel with general signal states IEEE Trans. Inf.
Theory 44 269-73

Horodecki M, Oppenheim J and Winter A 2007 Quantum state merging and negative information Commun.
Math. Phys. 269 107-36

Liao H H-J 1972 Multiple access channels PhD Thesis University of Hawaii, Honolulu, HI, USA

Lim S H, Minero P and Kim Y-H 2010 Lossy communication of correlated sources over multiple access channels
Proc. 48th Annu. Allerton Conf. pp 851-8

Minero P, Lim S H and Kim Y-H 2011 Joint source—channel coding via hybrid coding Proc. IEEE Int. Symp.
on Information Theory pp 884-8

Nazer B and Gastpar M 2007 Computation over multiple-access channels IEEE Trans. Inf. Theory 53 3498-516

Nielsen M A and Chuang I L 2000 Quantum Computation and Quantum Information (Cambridge: Cambridge
University Press)

Ogawa T and Nagaoka H 2007 Making good codes for classical-quantum channel coding via quantum hypothesis
testing /EEE Trans. Inf. Theory 53 2261-6

Rajesh R, Varshneya V K and Sharma V 2008 Distributed joint source—channel coding on a multiple access
channel with side information Proc. IEEE Int. Symp. on Information Theory pp 270711

Savov I and Wilde M M 2012 Classical codes for quantum broadcast channels Proc. IEEE Int. Symp. on
Information Theory pp 721-5 (arXiv:1111.3645)


http://dx.doi.org/10.1214/aop/1176996549
http://dx.doi.org/10.1109/TIT.1983.1056669
http://dx.doi.org/10.1109/TIT.1980.1056273
http://dx.doi.org/10.1109/TIT.2012.2215575
http://arxiv.org/abs/1001.3404
http://dx.doi.org/10.1109/TIT.2012.2188620
http://arxiv.org/abs/1102.2624
http://dx.doi.org/10.1103/PhysRevLett.92.027902
http://dx.doi.org/10.1103/PhysRevLett.106.240502
http://dx.doi.org/10.1109/ISIT.2012.6284250
http://arxiv.org/abs/1202.0533
http://dx.doi.org/10.1109/TIT.2003.813556
http://dx.doi.org/10.1109/18.651037
http://dx.doi.org/10.1007/s00220-006-0118-x
http://dx.doi.org/10.1109/TIT.2007.904785
http://dx.doi.org/10.1109/TIT.2007.896874
http://dx.doi.org/10.1109/ISIT.2012.6284654
http://arxiv.org/abs/1111.3645

J. Phys. A: Math. Theor. 45 (2012) 435302 M M Wilde and I Savov

[21]
[22]
(23]

[24]
[25]

[26]
(27]

(28]
[29]
(30]
(31]

(32]
[33]

Savov I, Wilde M M and Mai V 2012 Partial decode-forward for quantum relay channels Proc. IEEE Int. Symp.
on Information Theory pp 731-5 (arXiv:1201.0011)

Schumacher B and Westmoreland M D 1997 Sending classical information via noisy quantum channels Phys.
Rev. A 56 131-8

Sen P 2011 Achieving the Han—Kobayashi inner bound for the quantum interference channel by sequential
decoding arXiv:1109.0802

Shannon C E 1948 A mathematical theory of communication Bell Syst. Tech. J. 27 379-423

Slepian D and Wolf J K 1973 Noiseless coding of correlated information sources [EEE Trans. Inf.
Theory 19 471-80

Wilde M M 2011 From classical to quantum Shannon theory arXiv:1106.1445

Wilde M M, Guha S, Tan S-H and Lloyd S 2012 Explicit capacity-achieving receivers for optical communication
and quantum reading Proc. IEEE Int. Symp. on Information Theory pp 5515 (arXiv:1202.0518)

Winter A 1999 Coding theorem and strong converse for quantum channels IEEE Trans. Inf. Theory 45 2481-5

Winter A 2001 The capacity of the quantum multiple-access channel IEEE Trans. Inf. Theory 47 3059-65

Xu S C and Wilde MM 2011 Sequential, successive, and simultaneous decoders for entanglement-assisted
classical communication arXiv:1107.1347

Yard J, Hayden P and Devetak I 2008 Capacity theorems for quantum multiple-access channels: classical—
quantum and quantum—quantum capacity regions IEEE Trans. Inf. Theory 54 3091-113

Yard J, Hayden P and Devetak I 2011 Quantum broadcast channels /EEE Trans. Inf. Theory 57 7147-62

Yen B J and Shapiro J H 2005 Multiple-access bosonic communications Phys. Rev. A 72 062312


http://dx.doi.org/10.1109/ISIT.2012.6284655
http://arxiv.org/abs/1201.0011
http://dx.doi.org/10.1103/PhysRevA.56.131
http://arxiv.org/abs/1109.0802
http://dx.doi.org/10.1109/TIT.1973.1055037
http://arxiv.org/abs/1106.1445
http://dx.doi.org/10.1109/ISIT.2012.6284251
http://arxiv.org/abs/1202.0518
http://dx.doi.org/10.1109/18.796385
http://dx.doi.org/10.1109/18.959287
http://arxiv.org/abs/1107.1347
http://dx.doi.org/10.1109/TIT.2008.924665
http://dx.doi.org/10.1109/TIT.2011.2165811
http://dx.doi.org/10.1103/PhysRevA.72.062312

	1. Information processing task
	2. Achievability proof
	3. Conclusion
	Acknowledgments
	Appendix A. Typical sequences and typical subspaces
	Appendix B. Weak joint typicality and the indicator function trick
	Appendix C. Gentle operator lemma
	Appendix D. Marginal and conditional distributions formed from the source distribution
	References

