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Abstract—Experimental methods are being developed to 
enable quantum communication systems research in testbeds. 
We describe testbed architectures for emerging quantum 
technologies and how they can integrate with existing fibre 
optical testbeds, specifically OpenIreland. 
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I. INTRODUCTION 
Testbeds have played a central role in the research and 

development of fibre optical transmission systems, which are 
the foundation for today’s global Internet. Recent progress in 
quantum computing is fuelling the development of quantum 
communication systems to provide quantum connectivity 
between quantum computers and devices to form a quantum 
Internet. Quantum security technologies such as quantum key 
distribution (QKD) are already being used in commercial 
networks. While QKD systems are a starting point for 
quantum communication networks, distributed quantum 
computing will require the distribution of quantum 
entanglement through optical networks, which is not required 
for QKD. The interfaces between quantum computing 
elements, the fibre network, and even the qubit or 
entanglement transmission format are still open questions. 
Many network elements, such as quantum repeaters, are still 
just theorized or have primarily been studied in isolated lab 
experiments, such as quantum memories. Similar to early fibre 
optical internet testbeds, there is a potential for quantum 
system testbeds to serve as an essential tool in accelerating the 
development of component technologies and growing nascent 
research on related systems and networks. Connecting a 
quantum communications testbed with an existing fibre 
optical communication system testbed, such as OpenIreland, 
would provide experimentation on quantum communication 
systems together with classical optical systems either 
coexisting or providing control and management functions.  

II. OPTICAL NETWORK TESTBEDS 

A. Early Fibre Internet 
As many key quantum technologies still need to be 

developed and system protocols and architectures have only 
been proposed, it may seem premature to begin the 
development of quantum communication system testbeds. 
Historically, the early fibre optical Internet technology 
development provides evidence that this is not the case. The 
Gigabit Testbeds in the 1980s were a national-scale testbed 

effort composed of federated testbeds at different locations 
across the US. At the time, a viable fibre amplification 
technology did not exist, and there needed to be a consensus 
on the key transmission technologies, protocols, and 
architectures. Most of the component technologies were 
emerging from physics research labs. Different such 
technologies were explored through this federated set of 
testbeds and provided insights to help move towards viable 
large-scale systems [1]. There were, in fact, numerous testbeds 
in the 1980s and 1990s, leading up to the fibre boom in 1998 
in which optical amplification and wavelength division 
multiplexing matured, and the community converged on the 
optical transmission architectures that would evolve into the 
architectures widely used today.  

Another notable testbed is the MONET project, which was 
key to developing wavelength division multiplexing (WDM) 
technologies [2]. Many in the field point to this project as 
being the precursor to WDM system networking. Although 
MONET was very influential in progressing WDM 
networking technologies, the technologies investigated in 
MONET were far before their commercial introduction. 

TABLE I.  1999 MONET TESTBED TECHNOLOGY EVOLUTION 

No Description Year 
Adoption 

1. Acousto-optic tunable filters N/A 

2. Coherent Transceivers 2010 

3. Wavelength crossconnects & ADMs 2004 

4. Tunable Transceivers 2004 

5. Mesh Networks 2006 

6. Space division multiplexing (parallel 
fibres) TBD 

 

Table one lists key technologies investigated in MONET 
and the approximate year they experienced large-scale 
commercial deployment. Some technologies, such as acousto-
optic tunable filters, have never been commercially deployed 
at scale in fibre-optic transmission systems. High-speed DSP 
improvements were needed to use coherent transceivers, 
which required another decade of development. Wavelength 
cross-connects, add-drop multiplexers, and tunable lasers are 
all key elements for optical networking and were introduced 
when the wavelength selective switch was developed into a 
reconfigurable optical add-drop multiplexer (ROADM). Mesh 



networks soon followed. Spatial division multiplexing in the 
form of components specifically designed for parallel fibre 
systems is rapidly approaching commercialization as traffic 
demand has been catching up with fibre transmission band 
capacity limits. 

Thus, a research testbed can incorporate many 
technologies that might be decades from commercialization 
while still influencing near-term systems development. In this 
way, testbeds can establish the relative readiness of the 
component technologies. This enables a convergence toward 
viable technologies while also identifying the research needs 
of technologies that are not yet ready but might still find 
application in the future. 

B. City-Scale Testbeds 
Recent optical transmission testbeds have evolved into 

city-scale platforms that enable a combination of lab and 
deployed fibre plants for experimentation. Unlike lab-only 
recirculating loop transmission testbeds, these city-scale 
testbeds provide two critical capabilities for transmission 
research today: 1) data collection on deployed fibre systems 
for AI applications and 2) large-scale networking for network 
control experimentation. Examples of such testbeds include 
Bristol is Open [3], COSMOS [4], and OpenIreland [5]. 

In these city-scale testbeds, large fibre (space) switch 
fabrics are a key element to facilitate experimentation. These 
switches serve a dual purpose: they can be used as a testbed 
control element to reconfigure component and fibre 
connections to realize a wide range of experimental 
configurations and network topologies. At the same time, they 
can be used as a networking element within the respective 
architectures under investigation [6].  

Another important element of these testbeds is software-
defined networking (SDN) controls and emulation. Here 
again, a dual-use approach is taken in which the SDN 
controller can be used to control and configure experiments, 
and it can be used as part of the architecture under 
experimentation [7]. The SDN platforms can be made 
compatible with Mininet or Mininet Optical in order to enable 
virtual system emulation or digital twin capabilities [8]. 

III. INTEGRATING QUANTUM CAPABILITIES 
 The use of a space switch on the line side, connecting the 
transmission fibre is advantageous for integrating quantum 
elements into the city-scale testbed platforms. The line side 
quantum signals can either be switched directly to the 
quantum transceivers or to a filtering element that can separate 
the quantum signals from other signals, bypassing amplifiers 
and other incompatible components. This allows for 
experimental flexibility, but at the cost of additional loss. 
Fortunately, fibre space switches typically have very low loss, 
below 3 dB port to port. For the case in which the testbed fibre 
can support either quantum or classical signals, elements are 
needed to allow the quantum signals to bypass optical 
amplifiers and to strongly filter out any light such as amplifier 
ASE noise from the wavelengths carrying the quantum 
signals. If the quantum signals, typically at single photon 
power levels, propagate in the same fibre with classical signals 
then a number of linear and non-linear impairments need to be 
taken into account [9, 10]. These include linear crosstalk due 
to imperfect filtering or blocking of light and non-linear fibre 
effects such as Raman scattering and four-wave mixing [11].  

A. Coexistance Technologies 
Several strategies for successful coexisting of classical and 

quantum signals have been studied. These include band 
splitting (O-band quantum signals/C-band classical signals) 
[12, 13], spectral guard bands (>1600GHz) [14-16], classical 
signal power limiting, e.g. to less than -15dBm, [14-18], or 
physical isolation through novel fibre technology such as 
multi-core fibre [18-20], few-mode fibre [21,22], or hollow-
core fibre [23] to reduce or eliminate the non-linear effects in 
particular. 

Multi-core and hollow core fibres are particularly effective 
at supporting the coexistence of quantum and classical signals. 
Experiments have shown coexistence of QKD and high 
throughput classical channels, achieving 9.6 Tbps [19] and 
11.2 Tbps [20] using multi-core fibre, and 1.6 Tbps [23] using 
hollow-core fibre. Hollow core works by suppressing the 
nonlinear fibre effects due to the extreme reduction of core 
material, whereas multi-core fibres physically isolate the 
quantum and classical signals into separate fibre cores. Due to 
the limited availability of these fibres, experiments have been 
limited to 1-2km of fibre. The hollow-core fibre setup 
provided very high isolation between the quantum and 
classical channels (>110dB), while the multi-core fibre setups 
used reduced classical launch powers to limit cross talk. 

Multimode fibre also allows for spatial isolation. In a 37-
core fibre experiment quantum and classical signal were co-
propagated over 8km [18]. The mode selectivity of the 
cascaded beamsplitter demultiplexer achieved a secret key 
rate of 105.7 Mbps and a classical throughput of 370Gbps. 
However, the classical signal launch power was limited to -34 
dBm and SNSPDs were used at the detector. 

B. QKD Testbeds 
The first known field deployed QKD experiment was by 

DARPA in Boston in 2003 [24] and a series of field trials 
followed [25]. A major step forward occurred with the 
deployment of the Beijing-Shanghai backbone testbed 
between 2013 and 2016 of over 2,000km from Beijing to 
Shanghai [26] using 32 nodes, and the satellite relayed 
intercontinental link of over 7,600 km from China to Europe 
[27]. This testbed includes both terrestrial fibre links and 
satellite links. 

A long-term (580 days) 3-node metropolitan QKD 
network was deployed in Cambridge, UK [28]. The network 
was over 25km in length, produced 120 Tb of secure key over 
its lifetime, and operated 2 x 100 Gbps classical channels, 
which were encrypted using the secret keys produced. 

The Madrid Quantum Communication Infrastructure 
(MadQCI) testbed is a multi-ring QKD network [29] 
providing a multi-vendor, multi-operator, and multi-user 
environment. The outer research ring is 250 km in length, 
while the inner core Telefonica production network is 28 km. 
This network mixes continuous variable (CV) QKD and 
discrete variable (DV) QKD technologies and classical 
communications on the same fibre, while utilising an SDN 
based software stack for transparent end-to-end secret key 
routing, quantum / classical network management, and service 
integration in a multi-vendor, multi-network topology. 

In 2021 researchers from QuTech in the Netherlands and 
Cisco Systems demonstrated a multi-city Measurement 
Device Independent (MDI) QKD deployment [30]. The MDI 
Central Node was deployed in Rijswijk, with Edge Nodes 
deployed in Delft and Den Haag, 14.7km and 10.2km from the 



Central Node respectively. The quantum channel operated in 
the O-band (1310nm) and the data channel operated in the C-
band. Furthermore, Cisco ROADMs were used to demonstrate 
coexistence with a 10Gbps and 100Mbps classical IP service.  

A Quantum Network Service Provider metropolitan 
testbed was established in Bristol in 2020 [31]. This testbed 
utilised existing telecommunications fibre across the city of 
Bristol to provide entanglement distribution across a network 
of users. The network used a single quantum entanglement 
source which produced a broad-band spectrum. Using a 
quantum-ROADM this spectrum was divided into 
30x100GHz channels, which were then (dynamically) 
allocated amongst all end users to provide a fully meshed 
network. These channels were further split (1:4) to minimise 
the number of channels required to connect all the network 
users [32].  

C. Emerging Technologies 
Many new technologies and architectures are under 

investigation today and would benefit from testbed 
experimentation. Most commercial QKD technology uses 
weak coherent state light sources. Entangled photon pair 
sources have unique characteristics and have potential for use 
in methods to extend the transmission reach. The technology 
to deploy the Quantum Internet, as envisaged in [33], is still 
emerging. Unlike classical signals, quantum signals cannot be 
amplified, therefore quantum repeaters will be necessary for 
long distance transmission. Most repeater architectures under 
consideration require memories, or buffers at a minimum, to 
hold qubits. Most such quantum memories require cryogenic 
environments often at dilution refrigerator temperatures 
(milli-kelvin range). Thus, integrating cryogenic 
environments with testbeds will allow for experiments using 
these devices. One such testbed is the CQN Boston testbed, 
which realized the first quantum memory assisted 
entanglement distribution experiment. A list of potential new 
technologies for testbed experiments are listed in Table II. 

TABLE II.  CANDIDATE QUANTUM TESTBED TECHNOLOGIES 

No Description Ref 

1. Single qubit memories [34] 

2. Qubit memory arrays [35] 

3. Quantum signal wavelength/mode 
convertors [36] 

4. Bell state measurement (BSM) elements [37] 

5. Wavelength selective BSM [38] 

6. Quantum repeaters [39] 

7. Quantum datagrams [40] 

8. Time multiplexing [41] 

 

Single qubit memories can be used for storing qubits 
without computation and include e.g. Rubidium gas cell based 
memories [34]. Qubit memory arrays are arrays of qubits that 
typically may include computational capabilities [35]. 
Wavelength and mode convertors are used with most memory 
technologies in order to shape the mode to match the qubit 
resonance and convert between the qubit resonant 
wavelengths and telecom wavelengths (1310 and 1550 nm) 
[36]. Bell state measurements are used to perform 
entanglement swapping and to herald entanglement [37]. This 

can be done using filters or demultiplexers for wavelength 
selective BSM [38]. Quantum repeaters are memory platforms 
designed to support entanglement swapping and 
distillation/purification or quantum error correction coding 
[39]. Quantum datagrams are formed by inserting a classical 
signal with header control and management information 
before one or more quantum signals in time [40]. More general 
time multiplexing of classical and quantum signals has also 
been proposed [41]. 

IV. OPENIRELAND 
OpenIreland is a city-scale testbed that includes 1700 km 

of spooled lab fibre connected to dark and lit fibre across the 
metro Dublin area. OpenIreland is designed to connect to 
other optical fibre and quantum communications testbeds.  

The core of OpenIreland is designed around a central fibre 
space switch or optical cross-connect (OXC) which allows for 
flexible automated reconfiguration of connections between 
the many network elements, as shown in Fig. 1. 

 

 
 

Figure 1: Central OpenIreland Node 



The OXC has four main categories of connections: 1) line 
side fibre, 2) transceiver elements, 3) wavelength and 
transmission management elements, and 4) test and 
measurement devices. The line side fibre includes both 
spooled lab fibre and outside plant fibre. Classical transceivers 
include 100-400G coherent Adva Teraflex and 100/200G 
coherent Cassini hardware. Classical signals are multiplexed 
using optically amplified Lumentum ROADMs. A 
combination of wavelength selective switches, band splitters, 
and couplers can be used for multiplexing quantum signals 
together and with classical signals. Optical power is managed 
through the ROADM/WSS units or dedicated variable optical 
attenuators. Test equipment includes ports for an OSA, 
custom coherent receiver and real time scope, and an OTDR 
port as well as an open port for attaching external test 
equipment. 

Additional quantum expansion ports can be used to attach 
novel quantum hardware. This might include EPR pair 
sources, SNSPD detector arrays, MDI-QKD elements and 
BSM elements. This hardware will be a mix of dedicated 
equipment installed in the network and custom equipment 
introduced for specific experiments by users. In addition, 
cryogenic stations can be connected for housing low 
temperature devices. These stations would allow for multi-
user experiments in which default devices will be available for 
use, such as custom memory arrays, or users can introduce 
their own devices for in-network testing. 
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