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Entanglement is an essential resource in current experimental implementations for quantum information processing. We review a class of experiments exploiting photonic entanglement, ranging from one-way quantum
computing over quantum communication complexity to long-distance quantum communication. We then propose a set of feasible experiments, that will exploit the advantages of photonic entanglement for quantum information processing. © 2007 Optical Society of America
OCIS codes: 200.0200, 200.3050, 270.0270.

1. INTRODUCTION
1

Quantum entanglement has become an important resource for many practical tasks in quantum information
processing such as quantum computing, quantum communication, or quantum metrology. From an early stage
on, entanglement proved to be an essential tool for quantum physics, both in theory and experiment: Early experimental realizations of entangled photon pairs were used
to demonstrate the quantum nature of polarization correlations that can occur in decay processes,2,3 to conﬁrm
quantum predictions of radiation theory and falsify semiclassical models,4,5 or to test Bell’s theorem and exclude
local realistic descriptions of the observed quantum
phenomena.6–9 It led to the development of quantum information science, partly triggered by the introduction of
quantum cryptography,10–12 which has evolved to a
strongly expanding branch of science. There, entanglement is a fundamental resource, as a quantum channel in
quantum communication (e.g., for quantum state
teleportation13,14 or quantum dense coding15,16) or as a
computational resource. Quantum computing with photons has recently experienced a new boom by discovering
the possibility of universal computing with linear optics
and measurements alone.17 Although it is still unclear
what the minimal resource requirements for optical quantum computing are, the number of required optical elements per universal gate is constantly decreasing. Another appealing feature of photonic quantum computing
is the possibility of gate times much faster than in any
other physical implementation to date.
0740-3224/07/020241-8/$15.00

In the following, we will discuss new examples involving experiments on entangled photons that underline the
importance of entanglement for quantum information
processing. Section 2 starts with an introduction to photonic one-way quantum computing, a new approach that
makes optimal use of entanglement as a resource. We lay
out an experiment to achieve deterministic quantum computing, a unique feature of the one-way quantum computer, by introducing active corrections during the computation. Section 3 describes experimental challenges and
perspectives when exploiting distributed entanglement
for quantum networking tasks, in particular, longdistance quantum communication, higher-dimensional
quantum cryptography, and quantum communication
complexity.

2. TOWARD DETERMINISTIC ONE-WAY
QUANTUM COMPUTING WITH
ACTIVE FEEDFORWARD
Linear optical quantum computing (LOQC) is one of the
promising candidates for the physical realization of quantum computers. LOQC employs photonic qubits as information carriers, which have the immense advantage of
suffering negligible decoherence and providing highspeed gate operations. It was shown that linear optics and
projective measurements allow for essential nonlinear interactions and eventually for scalable quantum
computing.17 This has led to a ﬂurry of research in both
theory and experiments. A recent and comprehensive
© 2007 Optical Society of America
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overview can be found in Ref. 18. The intrinsic randomness of the projective measurements in linear optics, however, only allows for probabilistic gate operations, i.e., the
gate operations are successful only in a small fraction of
the time. The other times the outcomes need to be discarded. Although the gate success probability increases
with additional resources (optical elements and/or ancilla
photons), such schemes achieve nearly deterministic gate
operations only in the asymptotic regime of inﬁnite resources, which is experimentally infeasible.
In contrast, the one-way quantum computer model,19,20
an exciting alternative approach in LOQC, allows the resource for the quantum computation to be prepared offline prior to any logical operations. The computational resource is a highly entangled state (the so-called cluster
state). Once the cluster state is prepared, the computation proceeds deterministically, i.e., every measurement
produces a meaningful result, requiring only single-qubit
measurements and feedforward of the measurement result. Feedforward is the essential feature that makes oneway quantum computing deterministic and can be seen as
an active correction of errors introduced by the randomness of measurement outcomes. We will argue in the following that present state-of-the-art technology allows for
a demonstration of deterministic one-way quantum computing by implementing this active feedforward technique.
A cluster state is a network of entangled qubits and
represents a universal state for quantum computing. Universal means that any quantum logic operation can be
carried out on a sufﬁciently large and appropriately structured cluster state. These states arise when individual
qubits are prepared in the superposition state 兩 + 典 = 共兩0典
+ 兩1典兲 / 冑2, where 兩0典, 兩1典 denote the computational basis
states, and connected by applying a controlled-PHASE operation 兩j典 兩 k典 → 共−1兲jk 兩 j典 兩 k典 with 共j , k 苸 0 , 1兲 between neighboring qubits, effectively generating entanglement. Recent experiments succeeded in creating cluster states
with various methods,21–23 including linear optical realizations of simple controlled-PHASE gates.24–26
Single-qubit measurements are essential in cluster
state quantum computing. The shape of the cluster state
and the nature of these measurements, i.e., the order of
measurements and the individual measurement bases are
determined by the desired algorithm. The input state 兩in典
is always initialized as 兩 + 典. It is important to note that
the entire information of the input state is initially stored
in the multiparticle correlations of the cluster, with the
individual physical qubits being completely undeﬁned
and therefore not carrying any information about the input state. In this sense, namely that properties of individual subsystems are completely undeﬁned, the cluster
state is a maximally entangled state. Well-known examples include two-qubit Bell states and three-qubit GHZ
states. Single-qubit measurements on the cluster process
the encoded input from one qubit to another analogous to
remote state preparation. In principle, two basic types of
single-particle measurements sufﬁce to operate the oneway quantum computer. Measurements in the computational basis 兵兩0典j , 兩1典j其 have the effect of disentangling, i.e.,
removing the physical qubit j from the cluster. This leaves
a smaller cluster state and thus gives the ability to shape
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the cluster in the speciﬁc algorithm. The measurements
that perform the actual quantum information processing
are made on the basis B共␣兲 = 兵兩␣+典 , 兩␣−典其, where 兩␣±典
= 共兩0典 ± e−i␣ 兩 1典兲 / 冑2 with ␣ 苸 关0 , 2兴. For simplicity, we will
restrict our discussion to single-qubit gate operations, i.e.,
measurements on linear cluster states.21 The argument
can be generalized in a straightforward manner. The
choice of measurement basis determines the single-qubit
rotation, Rz共␣兲 = exp共−i␣z / 2兲, followed by a Hadamard
operation, H = 共x + z兲 / 冑2, on the input state (x, y, z,
being the Pauli matrices).
共1兲
The order and choices of these measurements determine
the unitary gates that are implemented and therefore the
algorithm that is computed. Rotations around the z axis
can be implemented through the identity HRz共␣兲H
= Rx共␣兲 so that two consecutive measurements on a linear
three-qubit cluster can rotate the input state to any arbitrary output state on the Poincare sphere:

共2兲
Until now, we have not incorporated the actual measurement result in our analysis. Equation (1) only holds if the
outcome of the measurement s is as desired, say s = 0. Due
to the intrinsic randomness of the quantum measurement, it happens with equal probability that the measurement yields the unwanted result s = 1. In that case, a
well-known Pauli error ( x = —□—)
X
is introduced in the
computation, so that the single measurement in basis
Bj共␣兲 rotates the qubit to
共3兲
Obviously, by adapting the measurement bases of subsequent measurements, these errors can be eliminated. In
the following, let us consider the general case of a singlequbit operation by taking into account the feedforward
rules. If we choose consecutive measurements in bases
B1共␣兲 and B2共␤兲 on physical qubits 1 and 2 of a threequbit cluster, then we rotate the encoded input qubit 兩in典
to the output state
s

s

兩out典 = x2HRz共共− 1兲s1␤兲x1HRz共␣兲兩in典
s

s

= x2x1Rx共共− 1兲s1␤兲Rz共␣兲兩in典,

共4兲

which is stored on qubit 3. The measurement outcome,
si = 兵0 , 1其, on the physical qubit i determines the measurement basis for the next qubit and indicates any introduced Pauli errors that have to be compensated for. This
idea can schematically be depicted as a circuit diagram,
as shown in Fig. 1. Single wires represent quantum channels, while double lines denote classical communication.
The ellipses in front of the measurement meters show the
measurement basis. No error correction is required for
the speciﬁc case where the outcomes of the ﬁrst and second qubit are s1 = s2 = 0 and hence, as expected, 兩out典
= Rx共␤兲Rz共␣兲 兩 in典. However, if the outcome of the second
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Fig. 1. Circuit diagram showing the principle idea of error correction via feed forward for one-way quantum computing.

Table 1. Compensation for Two Pauli Errors
on Qubit 3
Outcome
Qubit 1

Outcome
Qubit 2

Basis
Adaptation

Error
Correction

s1 = 0
s1 = 0
s1 = 1
s1 = 1

s2 = 0
s2 = 1
s2 = 0
s2 = 1

No: B2共␤兲
No: B2共␤兲
Yes: B2共−␤兲
Yes: B2共−␤兲

No
z
x
 x z

qubit is s1 = 1 共s2 = 0兲, the measurement basis of the third
qubit has to be changed from B2共␤兲 to B2共−␤兲 and ﬁnalized by a Pauli-error correction, i.e., z on the output qubit, to get the desired output of the computation. This
yields 兩out典 = zRx共−␤兲Rz共␣兲 兩 in典. A similar correction is
required in the cases when the third qubit’s outcome is
s2 = 1 共s1 = 0兲 and hence 兩out典 = zRx共␤兲Rz共␣兲 兩 in典. Finally,
if an unwanted projection occurs to both qubits, 共s1 = s2
= 1兲, two Pauli errors, z and x, have to be compensated
for on qubit 3 yielding 兩out典 = xzRx共−␤兲Rz共␣兲 兩 in典. This
is summarized in Table 1.
Experimentally, feedforward can only be achieved by
recording both measurement outcomes, si = 兵0 , 1其. The recent photonic realization of a one-way quantum
computer21 employed single-port polarizers, which are, although sufﬁcient to demonstrate the working principle,
not suited for this purpose. Simultaneous recording of the
measurement results can be achieved with polarizing
beam splitters (PBSs), preceded by half- and quarterwave plates to choose arbitrary measurement bases. The
basis of the measurements can be adapted by employing
fast-switching and low-loss electro-optical modulators
(EOMs), which, depending on the applied voltage, change
the photon’s state of polarization. Analogously, error correction can be performed on the output qubit if the EOMs
are aligned to apply x and z rotations, respectively.
In an experimental implementation of this scheme, the
individual photonic qubits must be delayed just long
enough so that the classical feedforward process can be
carried out, i.e., that an individual outcome can adapt the
measurement basis for the next measurement. The most
rudimentary “quantum memory” that can be used for
such a purpose is a single-mode ﬁber of a speciﬁc length,
which has negligible photon loss over moderate distances.
Every single feedforward process includes detection of the
photon, processing of the measurement result, and ﬁnally
switching of the modulator to adapt the measurement basis in real time and/or performing error correction on the
output qubit. A major advantage of optical quantum computation is the unprecedented high speed of the gate op-
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eration. Various types of EOMs achieve low-loss and high
contrast switching with ﬁdelities above 99%. Switching
times are well below 100 ns when combined with custombuilt drivers, and such devices have successfully been
implemented in early demonstrations of feedforward
control.27–29 Currently available logic boards and singlephoton detectors have response times of approximately 10
and 30 ns, respectively, so that feedforward cycles of less
than 150 ns seem experimentally feasible. This time scale
corresponds to a single-mode ﬁber delay line of approximately 30 m. A gate time of 150– 300 ns for one computational step is, to the best of our knowledge, approximately
3 orders of magnitude faster than the speeds achievable
in other physical realizations of quantum computers such
as in ion traps30,31 or in NMR.32
Based on our recent successful demonstration of oneway quantum computing,21 we have recently performed a
proof-of-concept demonstration of deterministic quantum
computing, i.e., implementation of active feedforward and
error correction in real time, on a four-photon cluster
state.33 Conceptually, this presents a crucial step toward
realizing scalable optical quantum computing, showing
that it is indeed possible to build a deterministic quantum
computer, which uses both entanglement and the intrinsically random measurement outcomes as an essential
feature.

3. ENTANGLEMENT AS COMMUNICATION
CHANNEL—QUANTUM COMMUNICATION
A. Distributed Computing: Entanglement for
Quantum Communication Complexity
Although entanglement on its own cannot be used for
communication, it surprisingly can produce effects as if
information had been transferred. In a communication
complexity problem, separated parties performing local
computations exchange information in order to accomplish a globally deﬁned task, which is impossible to solve
single-handedly.34,35 Remarkably, if the parties share entanglement, the required information exchange in the
communication complexity problem can be reduced36 or
even eliminated.37 Such a reduction of communication
complexity might be important in the future for speeding
up distributed computations, e.g., within very large-scale
integration circuits.
Here, we will determine the experimental requirements for quantum communication complexity protocols
to outperform their classical counterparts in solving certain types of problems. This will include determination of
the required minimal visibility V and the detection efﬁciency  for the advantage. The type of problems considered here is as follows. There are n separated partners
who receive local input data xi such that they know only
their own data and not those of the partners. The goal is
for all of them to determine the value of a function
f共x1 , . . . , xn兲. Before they start the protocol, they are allowed to share classically correlated random strings or
quantum entanglement. If only a restricted amount of
communication is allowed, we ask the question: What is
the highest possible probability for the parties to arrive at
the correct value of the function? We refer to this probability as the “success rate” of the protocol.
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Recently, it has been realized that communication complexity problems are tightly linked to Bell’s theorem.6 On
the basis of this insight, quantum protocols are developed
that exploit entanglement between qubits,38 qutrits,39
and higher-dimensional states.40 The crucial idea is that
every classical protocol can be simulated by a local realistic model, and thus, its success rate is limited by the Belltype inequalities.38 In contrast, the success rate of quantum protocols—which make use of entangled states—can
exceed these limits, since entangled states are at variance
with local realism. More precisely, for every Bell
inequality—even those, which are not yet known—there
exists a communication complexity problem, for which a
protocol assisted by states, which violate the inequality
has a higher success rate than any classical protocol. Violation of Bell inequalities is thus the necessary and sufﬁcient condition for quantum protocols to beat the classical
ones.
Consider the general Bell inequality for correlation
functions:

Fig. 2. Dotted volume indicates the region where the visibility
V, detection efﬁciency , and the number of partners n allow for
a multiparty quantum communication complexity protocol,
which is more efﬁcient than any classical one for the same task.
The volume corresponds to that given by inequality (7).

1

兺

g共x1, . . . ,xn兲E共x1, . . . ,xn兲 ⱕ B共n兲.

共5兲

x1,. . .,xn=0

Here g is a real function, B共n兲 is a bound imposed by local
realism, and E共x1 , . . . , xn兲 is the correlation function for
measurements on n particles, which involve, at each local
measurement station i, two alternative dichotomic observables, parameterized here by xi = 0 and 1. In Ref. 38, it
was shown that this Bell’s inequality puts limits on the
success rate in computation of certain two-valued functions f共x1 , . . . , xn兲 with the inputs xi = 0 or 1.41 The execution of the protocol is successful when all parties arrive at
the correct value of f.
The most interesting case found is for g
= 冑2n+1 cos关共 / 2兲共x1 + ¯ + xn兲兴, n odd, and B共n兲 = 2n for
which the success probability of classical solutions cannot
be larger than
1
Pclass =

2

冉

1
1+

冑2n−1

冊

,

共6兲

whereas a quantum protocol solves the problem with certainty, i.e., Pquant = 1.41 This implies that in the limit of
very large n one has Pclass → 21 which is not better than if
the partners simply agree beforehand to choose all the
same (random) value for the value of the function.
Without going into the details of the protocols, we mention here that both in the classical and quantum cases,
the partners give all the same value for their guess of the
value of the function f. (This value is obtained as a product of n locally produced values ei, where ei is broadcast
by party i. See Refs. 38 and 41 for details.) The important
difference is that in a quantum protocol, this value is obtained from local results of the Bell experiment for n parties, whereas in a classical protocol, it is obtained from
the results of local (classical) operations assisted by classical correlations. The maximal success rate of Pquant = 1 of
the quantum protocol is obtained using the Greenberger–
Horne–Zeilinger state 兩GHZ典 = 共兩0典1 ¯ 兩0典n + 兩1典1 ¯ 兩1典n兲 /
冑2.42

For the quantum protocol to beat the best classical one,
we need a success higher than Pclass. We now analyze detectors with ﬁnite detection efﬁciency  and nonmaximal
visibility V due to experimental imperfections as modeled
by an admixture of white noise to the perfect state: 
= V 兩 GHZ典具GHZ 兩 + 共1 − V兲I / 2n.
With a ﬁnite detector efﬁciency  ⱕ 1, the partners obtain perfect quantum correlations in nV of the cases and
proceed with the quantum protocol with the success rate
Pquant = 1. The partners must agree beforehand on a procedure for the case that their detectors fail. They are not
allowed to communicate the failure, as this would consist
of further bits of communication between the parties, but
the allowed communication is restricted. The most effective way for a partner is to proceed with the best classical
protocol in case her/his detector fails. It is assumed that
there are no experimental constraints for classical protocols as they are based on manipulating and detecting classical systems (e.g., balls or pencils), which could be done
with very high efﬁciency.
Whenever all detectors fail, which happens in 共1 − 兲n of
the cases, the partners will obtain the best classical success rate Pclass. In the cases when some of the detectors
fail and the rest ﬁre, the partners whose detectors fail
would start the best classical protocols, whereas those
whose detectors ﬁre proceed with the quantum protocol.
Since the two protocols are completely independent, the
success rate is not better than the probability that all
partners give the same but random guess for the value of
the function. In the rest of the cases, all detectors ﬁre
measuring white noise. Thus, in 1 − nV − 共1 − 兲n of the
cases, the success rate is Prand = 21 .
Taking all this into account, the condition for a higherthan-classical success rate is
1

nV + 共1 − 兲nPclass + 共1 − nV − 共1 − 兲n兲 2 ⬎ Pclass . 共7兲
A similar analysis for the special case of n = 3 and special
function f was given by Galvao in Ref. 43. In Fig. 2, we
show the region in the parameter space of V,  and n that
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guarantees a higher-than-classical success rate. Taking
 = 0.8 for the detector efﬁciency and visibility V = 0.9, one
obtains n = 4 for the minimal number of photons in the entangled state, which is well within the scope of current
technology. Recently, a quantum communication complexity protocol based on the sequential transfer of a single
qubit43 was experimentally implemented, and its advantage over the classical counterpart was shown in the presence of the imperfections of a state-of-the-art setup.44 It
can therefore be expected in the near future that
entanglement-based quantum communication complexity
protocols will become comparable to quantum key distribution, the only commercial application of quantum information science so far.
B. Distributed Entanglement in Higher Dimension:
Entangled Qutrit Quantum Cryptography
All quantum cryptography experiments performed so far
were based on two-dimensional quantum systems (qubits). However, the use of higher-dimensional systems offers advantages such as an increased level of tolerance to
noise at a given level of security and a higher ﬂux of information compared to the qubit cryptography schemes.
In a recent experiment, we produced two identical keys
using, for the ﬁrst time to the best of our knowledge, entangled trinary quantum systems (qutrits) for quantum
key distribution.45 The advantage of qutrits over the normally used binary quantum systems is an increased coding density and a higher security margin of 22% (instead
of ⬃15%). The qutrits are encoded into the orbital angular
momentum of photons, namely, Laguerre–Gaussian
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modes with azimuthal index l of + 1, 0, or −1, respectively. The orbital angular momentum is controlled by
static phase holograms. In an Ekert-type protocol, the violation of a three-dimensional Bell inequality veriﬁes the
security of the generated keys. A key is obtained with a
qutrit error rate of approximately 10%. The security of
this key is ascertained by the violation of the generalized
Bell inequality, with S = 2.688± 0.171. In contrast to the
polarization degree of freedom, in principle, there is no
limitation on the dimension of the two-photon entanglement with orbital angular momentum, and therefore, an
extension of the qutrit to a more general qudit case is feasible. This opens up a new class of experiments with
higher-dimensional entanglement.
Spatial light modulators (SLM) promise a fascinating
new experimental approach for working with the orbital
angular momentum of photons. The main idea is to use
the SLM for applying computer calculated holograms to
the entangled photons (see Fig. 3) instead of static phase
plates. Thereby, we gain huge experimental ﬂexibility,
since we are now able to superimpose several optical elements such as lens conﬁgurations, mirrors, and phase
singularity onto one active phase element, and ﬁne-tune
the holograms simply by adjusting the parameters in the
calculation. This will open up possibilities of further
study of three-dimensional entanglement (or more dimensions), which is an area with many unknown features. A
ﬁrst successful demonstration of this method is shown in
Fig. 3 where we analyzed the correlation of entangled
photons, while the orbital angular momentum of one of
the photons is transformed via the SLM.

Fig. 3. (Color online) (Left) Setup demonstrating the photon manipulation by a spatial light modulator (SLM) (Ref. 46). The photon
pairs produced by downconversion in a ␤-barium borate (BBO crystal; L, focusing lens) are entangled in their orbital angular momentum, represented by the Laguerre–Gaussian mode functions. The mode index corresponds to the orbital angular momentum of each
photon. The transformation between different modes is performed by passing the photons through phase diffraction gratings containing
a phase singularity, which is generated by the SLM. Analyzer holograms in different modes behind beamsplitters (BS) are used to conﬁrm the mode index. (Right) Demonstrating the transformation of the photon by the computer-calculated hologram on the SLM. The
coincidence between the detectors D0A and D1B is shown. Due to the initial correlation between the photons, there are little coincidence
counts, unless the SLM performs a −1 transformation. This clearly demonstrates that we are able to manipulate the orbital angular
momentum of the entangled photon by means of the computer-generated hologram.
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Fig. 4. (Color online) Quantum communication links realized as uplinks from ground to space. Entangled photons or single photons are
generated on the ground and sent toward one or more space-based receivers. If only one receiver is available, link (a) will allow single
quantum communication. If this were a geostationary Earth orbit (GEO) satellite, several ground stations could see the very same receiver, for successive quantum key exchanges [link (d)]. If a second receiver were available, e.g., also in GEO [link (b)] or in low-Earth
orbit (LEO) [link (c)], also the study of fundamental aspects of quantum entanglement over large distances may be accomplished.

C. Distributed Entanglement: Long-Distance Quantum
Communication and Quantum Networking
Subsections 3.A and 3.B illustrate some of a range of
unique applications that emerge when entanglement
is shared between several users. Other examples
include
quantum
cryptography,11,12,47–49
quantum
13,14
teleportation,
or quantum dense coding.15,16 Clearly,
there are important prerequisites to establishing networks of quantum communication, similar to classical
communication networks. It is particularly desirable to
establish entanglement between several users, with a
very ﬂexible network hierarchy. For example, two users
who wish to share entangled particles might just call
their network operator, who performs the necessary settings to accomplish this task. Likewise, if three users
wish to share GHZ states, again the network operator
performs the required operations for this task.
Fortunately, quantum physics allows us to perform
these tasks, if several users initially share entangled particles with a central network operator. Utilizing the procedure known as entanglement swapping,50,51 the generalization of quantum teleportation, the operator may
simply swap the entanglement between the particles entangled with two different users, such that ﬁnally the particles of the two users get entangled. The operations that
the central node (operator) must perform are projection
measurements onto the desired entangled state. Since the
particles originally have no relation, the projective measurement will give a random result, which must be communicated to the users, so they can use the entangled
particles. Entanglement swapping can, in principle, be
generalized to arbitrary quantum network sizes if the
network operator performs the swapping operations (e.g.,
projections onto Bell states, GHZ states), depending on
which users wish to communicate. This is at the heart of a
quantum repeater,52 which additionally makes use of entanglement puriﬁcation53,54 and quantum memories to
faithfully transmit entanglement over arbitrary distances. Important experimental progress has been made
along this line, for example, by demonstrating quantum
teleportation over long distances27 or by realizing nonclassical interference of photons from completely independent photon sources.55

In the future, the use of satellite-based technology
could provide the means for distribution of quantum signals even on a global scale.56–58 These schemes will involve sources for entangled photons onboard satellites,
with optical receiver stations on other satellites as well as
on optical Earth-based ground stations. The principles of
this concept, free-space quantum communication, have
been demonstrated in various experiments both for faintpulse systems59–62 and for entangled photons.63–66 The
current distance record has been only recently achieved in
a 144 km interisland link using entangled photons.65
These results are very promising for entanglement-based
free-space quantum communication in high-density urban areas and also for optical quantum communication
between ground stations and satellites, since the length of
our free-space link exceeds the atmospheric equivalent.
The clear aim in this research program of extending
quantum communication to space is to place an entangled
photon source onboard a low earth orbit (LEO) satellite or
the International Space Station (ISS) and to send the photons toward two receiving ground stations.67 The entangled photons can thus be separated by distances up to
1500 km in a single shot, which is well above distances
that are possible with a ground-based architecture. This
will allow unique long-distance quantum physics
experiments,68 and it will also provide a test bed for demonstrations of quantum communication applications on a
global scale.
A very interesting approach, alternative to the ISS system, is to implement quantum communication uplinks
from ground to satellites (see Fig. 4). This scheme is particularly interesting, as the technical complexity of a
space-based receiver is signiﬁcantly simpler than for the
full quantum communication transmitter.

4. CONCLUSION
In summary, we have introduced and reviewed some recent experimental progress in the understanding of photonic quantum entanglement as a resource for quantum
information processing. We have also provided an outlook
into future experiments that should be feasible with cur-
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rent technology and that will further highlight the distinctive role of entanglement. Besides the impressive
achievements in laboratories all over the world, there remain fascinating challenges for the future ranging from
the interfacing of photons to scalable and durable architectures, i.e., including quantum memories, over the
faithful production and characterization of multipartite
entangled states of signiﬁcant particle number to the realization of a full-scale quantum repeater.
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