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Abstract
While the advantages of photonic quantum computing, including direct compatibility with
communication, are apparent, several imperfections such as loss and distinguishability presently
limit actual implementations. These imperfections are unlikely to be completely eliminated, and it
is therefore beneficial to investigate which of these are the most dominant and what is achievable
under their presence. In this work, we provide an in-depth investigation of the influence of photon
loss, multi-photon terms and photon distinguishability on the generation of photonic 3-partite
Greenberger–Horne–Zeilinger states via established fusion protocols. We simulate the generation
process for spontaneous parametric down-conversion and solid-state-based single-photon sources
using realistic parameters and show that different types of imperfections are dominant with respect
to the fidelity and generation success probability. Our results indicate what are the dominant
imperfections for the different photon sources and in which parameter regimes we can hope to
implement photonic quantum computing in the near future.

1. Introduction

Greenberger–Horne–Zeilinger or in short GHZ states [1, 2] have increasingly gained attention in recent
years. GHZ states are multipartite maximally entangled states exhibiting correlations that can help perform
specific tasks better than bipartite entanglement. One such example is quantum network routing, as studied
in [3, 4]. Other applications of GHZ states in quantum communication and cryptography include secret
sharing [5, 6], measurement-based quantum repeaters [7], conference key agreement [8, 9] and anonymity
[10, 11], while schemes to distribute them on a network have already been proposed [12]. GHZ states are
also a promising resource for quantum computing; one can, in theory, merge them to create larger resource
states [13] that facilitate measurement-based quantum computing (MBQC) [14–17]. Especially for linear
optical quantum computing [18–21], 3-partite GHZ states are a popular input resource to generate larger
resource states [16, 22, 23] and are already sufficient to demonstrate single qubit rotations in an
MBQC-protocol [24, 25]. Photonic GHZ states can be created using probabilistic schemes based on
spontaneous parametric down-conversion (SPDC) [24–28], and in deterministic schemes using single
photon emitters, such as quantum dots [29, 30] and single atoms [31, 32].

In this work, we focus on a very popular all-optical approach to the generation of GHZ states that is
based on the interference and detection of single photons that heralds a 3-partite GHZ state. Despite recent
advances in creating GHZ states using circuits like the one in figure 1 [33–35], the preparation of even
relatively small (e.g. 3-partite) GHZ states with high fidelity remains an experimental challenge, which
entails reliably preparing near-identical single photons, applying suitable interferometers with low loss and
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Figure 1. Circuit for heralded GHZ state preparation. ‘ ’ is a polarizing beamsplitter, ‘ ’ is a rotation of polarization by 45◦ and
‘ ’ is a polarization and number resolving detector. The circuit was originally proposed in [20] and provides a success
probability of 1/32, which is the probability for three single photon detections. In the ideal case, this indicates that the state is
either |H0H3H5⟩+ |V0V3V5⟩/

√
2 or |H0H3H5⟩− |V0V3V5⟩/

√
2 depending on the polarizations of the three measured photons.

implementing photon-number resolved detection—again with low loss. Unfortunately, small imperfections
can have a catastrophic influence on the outcome. While it would be desirable to eliminate all imperfections,
it could be more effective to focus on the more influential ones first and re-evaluate after technological
advancements had a significant impact on the reduction of relevant errors. Such a realistic strategy poses the
question of which imperfections influence the quality of the outcome the most—and maybe even more
importantly: What can we expect once we are in a low-error regime, and is it worth the required
experimental effort, to address specific imperfections?

To answer these questions, we simulated the prototypical heralded ‘GHZ state generation’ circuit in
figure 1 with realistic error models for photon distinguishability, losses and higher-order terms (emission
events producing more than one photon), and computed the (post-selected) fidelity and success probability,
i.e. the probability of accepting an outcome of the circuit per try. Our results indicate that losses and
distinguishability are the two dominant sources of error in a realistic parameter range. This leads to a clear
prescription for improving state-of-the-art setups: either one has to significantly reduce both of these
imperfections or consider different, more error-resilient circuits.

We present our results as follows: First, in the Methods section, we describe the simulation method,
present the error models that are used and explain how we quantify the influence of the imperfections. In the
next section, we examine the influence of the different errors for parameter regimes that are realistic for
SPDC and solid-state single-photon emitters and we additionally investigate how a close-to-optimal choice
of error parameters behaves. We conclude our paper with a discussion and open questions.

2. Methods

2.1. Simulationmethod
One can categorize recent simulations of linear optical circuits into two classes. The first one is based on the
computation of the permanent of the unitary that is to be applied. For many settings, this is currently the
fastest approach. An example of this class of simulations is the SLOS backend in Perceval [36]. The second
one does not consider the unitary as a whole but applies the individual parts of the circuits in consecutive
order. While this is usually less performant, it allows the implementation of non-linearities such as
distinguishability. One example is the stepper backend for Perceval [36].

While the first class of simulations is of interest on its own, we focus on the second class. The reason for
this choice is the error model; with indistinguishability, loss and many photon preparations, there are too
many non-linearities for the permanent-based simulation method to work well. Another reason to choose
the step-wise approach in the Fock representation7 is the reuse of already acquired data. We do that on two
different levels.

The higher level is about the decomposition of a mixed state and mixed operations. We consider a
probabilistic mixture weighted with the probability for many photon creation events as the input. The
operation we apply depends on the loss probabilities and is mixed with regard to these probabilities. We can
change the probabilities of the mixture by first simulating the branches with the biggest impact (covering at

7 For an introduction to simulation of linear optical quantum computing in the Fock representation, we refer the reader to [18].
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least 98% of the probability space represented by the set of events E). We can then use linearity of the fidelity
and rearrange the output of the mixture from the separate branches using linearity of the fidelity to pure
states:

F(ρ, |GHZ3⟩⟨GHZ3|) = ⟨GHZ3|ρ|GHZ3⟩=
∑
e∈E

Pr [e]⟨GHZ3|ψe⟩⟨ψe|GHZ3⟩

=
∑
e∈E

Pr [e] F(|ψe⟩⟨ψe|, |GHZ3⟩⟨GHZ3|) , (1)

where |ψe⟩ is the prepared state if the event e occurred and Pr[e] is the corresponding probability. The same
decomposition can be used for the success probability:

psucc (ρ) = Tr(πaccρ) =
∑
e∈E

Pr [e] Tr(πacc|ψe⟩⟨ψe|) =
∑
e∈E

Pr [e] psucc (|ψe⟩⟨ψe|) ,

where πacc is the projector onto the accepted measurement outcomes.
The lower level is about the individual inputs |ϕe⟩ that are mapped to |ψe⟩, which we find by

decomposing the state on the higher level. Given a model of the single photon source we then use the
Gram–Schmidt procedure to express these inputs in a spanning set of completely distinguishable photons.
Note that this does not require purity of internal degrees of freedom, as one can use the same technique in
Liouville space. However, we need to assume that there is no entanglement between the internal degrees of
freedom and the position or polarization of the photon. Either way, we can represent the internal degrees of
freedom as a single number being the element’s index in the spanning set, which we call the distinguishability
index. After the Gram–Schmidt procedure, the inputs are superpositions of states, each given by a
combination in the six-folded cartesian product of the orthogonal set:

|ϕinit⟩=
∑

d∈{0,...,5}×6i<j⇒di⩽dj

αd|n0,0,d0 ,n1,0,d1 ,n2,0,d2 ,n3,0,d3 ,n4,0,d4 ,n5,0,d5⟩, (2)

where nk,s,d is the occupation number, i.e. the number of photons, in the spatial mode k with polarization s
and the distinguishability index d. The weights αd depend on the pairwise overlaps of the photons obtained
by the Gram–Schmidt procedure. Hence, once one changes the pairwise overlaps one has to simulate the
operation on the state from scratch unless one already simulates the operation on every constituent of the
sum and uses the weights to rearrange the output. Our simulation uses this method to compute the fidelity
of many overlaps in one run.

2.2. Error models
We consider three types of errors in our modelling—distinguishability, higher-order terms and loss.
Although our simulation method allows for a more general usage of these three types of error, we make some
simplifications to reduce the dimensionality of the overall parameter space, which allows us to consider only
five parameters in the end.

The first parameter is the overlap, i.e. the inner product of the wave functions of the photons. With the
overlap, we quantify the (partial) distinguishability8; photons may be distinguishable due to degrees of
freedom such as frequency and preparation time (which we consider constant during the GHZ state
preparation). Note that for a different choice of gate encoding in which the polarization is an internal degree
of freedom, one may have to consider the triad phase for three-photon interference [38]. However, since the
polarization is resolved by detection in our setup and the overlap of the wavefunctions is always real and
positive, we do not have to consider this effect. For simplicity, we assume that every pair of photons in the
setup has the same overlap.

Higher-order terms in the state occur if two photons are emitted into the circuit instead of only one. The
corresponding probability coincides with the (heralded) second-order correlation g(2)(τ) function at τ = 0
and is our second parameter denoted as g2. In the case of two-photon preparation, we replace the usual
preparation map |0a⟩ → |1a⟩ at a mode a by |0a⟩ → |2a⟩, i.e. we assume both photons are exactly in the same
mode and indistinguishable. Theoretically, more than two photons could be emitted, but as the probability
for terms of order higher than 2 is usually very small, we omit to simulate these events. Photon pairs that are
distinguishable, such as those generated via re-emission during an excitation process [39], will also
contribute to gate errors. For the sake of simplicity, and due to the comparatively small values of the g(2)(0)

8 Another popular, albeit equivalent way to quantify the distinguishability is theHOM-dip visibility [37], which is the square of the overlap
for pure states.
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we consider this to be an apt initial error model, even though it does not perfectly capture the details of some
solid state emitter sources. The last three parameters are connected to different types of loss that happen with
some probability. We denote loss at preparation with pL.Prep, loss at the beam splitters or the wave-plates with
pL.Ops and loss at detection with pL.Det. For single photon input states without higher order terms, loss only
impacts the overall probability of success. However, the effect of loss also couples to contributions from
higher-order photons. We model loss as a map to a new spatial mode (l), i.e. if we denote with nk,s,d the
occupation number in spatial mode k with polarization s and distinguishability value d, then loss acts as
follows on the spatial mode k:

5⊕
d=0

1⊕
s=0

|nk,s,d⟩ →
5∑

d′=0

1∑
s′=0

√
nk,s ′,d ′

Nk

5⊕
d=0

1⊕
s=0

|nk,s,d − (δs,s ′δd,d ′) , (δs,s ′δd,d ′)l,s,d⟩,

with

Nk =
5∑

d=0

1∑
s=0

nk,s,d, δa,b =

{
1, if a= b

0, if a ̸= b.

Intuitively, loss maps to a purification of the mixed state that one obtains if every photon has the same
probability of getting lost. However, we do not consider the loss of multiple photons at the same step, as the
probability of such coinciding loss is rather low.

Note that we use an error model for local GHZ state generation. Therefore, we omit modeling errors such
as fiber losses that might be significant in communication settings. However, one could easily extend our
model to include other types of losses.

There are two other types of errors that we do not consider. The first are dark counts, i.e. when a detector
clicks without a photon incident. We expect this error to have a negligible effect on our circuit, as, with the
advent of cyrogenic detection technology, dark count rates are typically small. Therefore, the probability that
dark counts happen in the time window for expected photons is almost zero. The second type is
imperfections of the gate implementations. Using our simulation method with Gaussian sampled rotation
errors with a standard deviation of 1◦, we found the effect on the fidelity is rather low, especially for low loss
and g(2) setups. Given the marginal effect and the significant computational overhead involved, we deemed
rotational errors beyond the scope of this study.

2.3. Methods to evaluate the influence of imperfections
One of the primary goals of this work is to evaluate the influence of imperfections on the fidelity and success
probability. We use two quantities to evaluate the error parameters’ influence on these measures.

The first quantity is the relative image range∆(p,m) of a parameter p for a measurem.∆(p,m) is the
ratio of two differences—the first difference is between the highest and lowest values ofm that can be
obtained only by varying p and using the default values for the other parameters. The second difference is
between the maximum and minimum ofm for the whole parameter regime (cf figure 2). Intuitively, the
relative image range measures the dependence of the measure on the parameter from an optimization
perspective. It measures how much of the optimal outcome can be achieves by only varying the considered
parameter. More formally, we consider a measurem to be a function from N parameter ranges to R. We
define the relative image range of the ith parameter for the measurem as:

∆(pi,m) =
maxci∈Pi (m(p̄1, . . ., ci, . . ., p̄N))−minci∈Pi (m(p̄1, . . ., ci, . . ., p̄N))

maxc∈P (m(c))−minc∈C (m(c))
, (3)

where p̄j denotes the default value, Pj is the range of the parameter cj and P= P1 × P2 × . . .× PN.
The second quantity is the correlation coefficient Corr(p,m) for an error parameter p and a measurem. To

estimate the correlation coefficient, we discretise the parameter regime and compute the measure for each
point. After that, we compute the covariance Cov(p,m) and the variances Var(p) and Var(m) and use

Corr(p,m) =
Cov(p,m)√
Var(p)Var(m)

. (4)

We assume a uniform distribution on the parameter regime for the covariance and variances. Under these
conditions, we find:

Cov(pi,m) =
∑
c1∈PD1

. . .
∑
ci∈PDi

. . .
∑
cN∈PDN

(ci −⟨pi⟩)(m(c1, . . ., ci, . . ., cN)−⟨m⟩)∏N
j=1 |PD

j |

4
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Figure 2. Visualization of the relative image range using the GHZ state fidelity (FGHZ) of the SPDC sources with an overlap of 99%
in a simplified loss model. In this figure, the relative image range∆(pL,FGHZ) with the loss probability is the ratio of the lengths
of the solid black line and the solid yellow line. We would use the solid green line instead of the black line for the∆(g2,FGHZ).

Var(pi) =
∑
ci∈CD

i

(ci −⟨pi⟩)2

|PD
i |

Var(m) =

∑
c∈PD (m(c)−⟨m⟩)2∏N

j=1 |PD
j |

where CD
j is the discretised parameter range for the jth parameter, PD = PD

1 × PD
2 × . . .× PD

N,

⟨pi⟩=
∑

ci∈PDi
ci

|PD
i |

and ⟨m⟩=
∑
c∈PD m(c)∏N
j=1 |PD

j |
.

In contrast to the relative image range, the correlation coefficient measures linear statistical dependence. On
one side, this means that a high correlation coefficient indicates that increasing the parameter value will
increase the value of the measure. On the other side, the potential for optimization can be lost in
non-linearity. For example, Corr(x, sin(x)) for x ∈ [0,π] will be low while∆(x, sin(x)) is 1. Apart from
quantifying linear dependence, the motivation to use the correlation coefficient is its role as the standard
measure for correlation in statistics. With both quantities combined, we can investigate linear dependence
and optimization potential. We find that for our use case, both quantities point to the same conclusion,
which indicates approximately linear behavior and no hidden optimization potential.

It is straightforward to compute the relative image range from the measure as it is apparent for which
parameter value it takes its maximum and minimum value. However, for the correlation coefficient, there is a
trade-off between the complexity of the error model and the resolution of the discretisation. For this reason,
we simplify the modeling of the loss and introduce pL as the parameter for the context combination of the
worst and best loss parameter combination, i.e. for every loss type we set

pT = pLmax
c∈PT

(c)+ (1− pL)min
c∈PT

(c) ,

where pT ∈ {pL.Prep,pL.Ops,pL.Det}, pL ∈ [0,1] and PT is the associated parameter range. With this
simplification, the overlap is varied in 0.25% steps and for g2 and pL we compute the measure for 201 evenly
distributed values in the corresponding ranges. Finally, note that the correlation coefficient can also be
negative. Therefore, we will use correlation with 1− p for the loss and higher-order terms, since it holds that
Corr(1− p,m) =−Corr(p,m).

3. Results

We investigate the fidelity, success probability, and the influence of the different error parameters on these
measures in two realistic and one close-to-optimal parameter regime. The two realistic parameter regimes
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Table 1. Error parameters and measures in the different parameter regimes. The default (resp. expected) values are given in parentheses;
if not specified differently we use the default values for the error parameter. For the close-to-optimal setting, we use the simplified error
model. We normalized the success probability with respect to the one in the absence of errors (i.e. 1/32= 3.125%).

SPDC [40–43] Solid-state [33, 44–46] Close-to-optimal

Overlap (ovl) (%): 97.25–99.5 (99.0) 88.25–99.25 (94.0) 99–100 (99.5)
Higher order (g2) (%): 1.0–2.0 (1.5) 0.0075–2.1 (0.25) 0–2 (1)
Preparation loss (pL.Prep.) (%): 5.0–15.0 (10.0) 2.6–11.4 (7) 0–4 (2)
Component loss (pL.Ops.) (%): 1.0–2.0 (1.5) 1.0–2.0 (1.5) 0–0.5 (0.25)
Detection loss (pL.Det.) (%): 5.0–15.0 (10.0) 5.0–15.0 (10.0) 0–4 (2)

GHZ state fidelity (%) 87.0–97.5 (94.8) 58.2–96.9 (77.3) 95.4–100.0 (97.8)
Normalised success probability (%) 7.5–39.5 (17.8) 7.3–47.7 (19.5) 47.3–100.0 (68.6)

represent two kinds of single photon sources: SPDC and solid-state sources. Currently, these two source
types have different strengths and weaknesses. State-of-the-art SPDC sources can attain excellent
two-photon indistinguishability (overlap), but are limited by comparatively large two-photon creation
probabilities. In contrast, solid-state sources typically have significantly lower pairwise overlap but benefit
from much reduced two-photon creation probability. For the close-to-optimal parameter regime, we assume
almost no distinguishability and low loss probabilities. Table 1 shows all three parameter regimes and the
measures we find for these regimes.

In the next section, we present the simulation results regarding the fidelity and the success probability for
all three parameter regimes, and in section 3.2 we investigate the influence of the different error parameters
on their values.

3.1. Results of the simulation
Our results indicate a high susceptibility of the circuit to experimental imperfections. Even for the best choice
of parameters in the realistic regimes, the fidelities are significantly lower than in the close-to-optimal one,
reflecting this susceptibility. The highest and lowest fidelity we estimate in the parameter regime we associate
with the SPDC sources is 97.5% and 87.0% respectively. The highest value is slightly larger than the best
achievable fidelity in the solid-state parameter regime which is 96.9%. However, solid-state sources yield a
broader range of fidelities, e.g. the lowest fidelity is 58.2%, while the fidelities with the expected values for the
parameters shown in table 1, are 94.8% for the SPDC and 77.3% for the solid-state sources. This difference
implies that the fidelity is more susceptible to low overlap than to higher two-photon creation probability, as
these two parameters pose the main difference between the two realistic parameter regimes. This implication
is also demonstrated in figure 3, where one can see that there is more variation if one only varies the overlap
(figure 3(a)) than with expected overlap and the other parameters being varied (figures 3(b) and (c)).

Even in the small range between 99% and 100% overlap, the fidelity differs significantly: figure 4 shows
the fidelity depending on the two-photon creation probability and simplified loss in the close-to-optimal
parameter regime for different overlaps. Although the best fidelity in this regime is 100%, this value is only
achieved if all parameters are optimal—even with perfect overlap, one needs at least one of the other two
parameters (simplified loss or two-photon creation probability) to be close to 0 to reach a fidelity of 99.99%.
However, with just 0.1% less overlap, the fidelity is below 99.58% even if the probability for loss and
two-photon preparation is 0%.

While the range of the fidelity of the SPDC sources includes the upper end of the range of solid-state
sources, the situation is quite different when considering the normalized success probability (normalized
with respect to the one in the absence of imperfections, which is 1/32). The range of success probabilities for
the SPDC parameter regime is contained in the one for the solid-state sources but is now at the lower end.
Nevertheless, in both regimes, the success probability is low: The solid-state sources yield between 7.3% and
47.7% with an expected value of 19.5%, which is slightly better than the SPDC sources for which the success
probability ranges between 7.5% and 39.5% with an expected value of 17.8%. A reason why the success
probability is worse than the fidelity could be the lack of resilience against loss. In figure 5, one can see that
the fidelity is still relevant for the success probability (cf figure 5(a)), but seemingly not as important as the
loss (cf figures 5(b) and (c)).

In the close-to-optimal parameter regime, the circuit’s success probability is also very susceptible to
imperfections. Even with perfect overlap, most of the parameter regime maps to a normalized success
probability that lays below 75% (cf figure 6)—in fact, the high success probabilities above 96% are barely
visible in figure 6. This susceptibility is also confirmed by the lowest (47.3%) and expected (68.9%)
normalized success probabilities in the parameter regime. Trivially, the highest normalized success
probability is 100% again.

6
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Figure 3. Subfigure (a) shows the dependence of the fidelity on the overlap. The shaded areas indicate regimes realistic with the
corresponding current technology. Subfigures (b) and (c) depict the dependence of the fidelity on loss and g2, for SPDC and
solid-state sources respectively in the simplified loss model.

Figure 4. The fidelity depicted for different overlaps versus g2 and simplified loss in the close-to-optimal parameter regime.

7
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Figure 5. (a) Success probability vs. overlap. The shaded areas indicate regimes realistic with current technology. Subfigures (b)
and (c) depict the dependence of the success probability on loss and g2 for SPDC and solid-state sources in the simplified loss
model. The overlap has a lower influence on the success probability than on the fidelity. One can see that reducing the loss yields
significantly higher success probabilities than achievable with the highest overlap and average loss. Here the higher-order terms
play a minor role.

3.2. Influence analysis for the different types of imperfections
For both SPDC and solid-state sources, we find that the overlap is currently the crucial parameter
influencing the fidelity. The relative image range of the overlap is 83.6% for SPDC and 95.7% for solid-state
sources, and also the correlation coefficient of the overlap with the fidelity is large (SPDC: 99.0%; solid-state:
99.8%). In table 2 we show the evaluation quantities for the fidelity and in figure 3(a) how the fidelity
depends on the overlap.

Errors due to higher-order terms or loss have little influence on the fidelity in the realistic parameter
regimes (cf figures 3(b) and (c)). The fact that the influence of these parameters is significantly lower in the
solid-state regime already hints at why loss and g2 matter less. The parameter regimes differ—apart from the
overlap—mostly in the probability for higher-order terms. Post-selection causes the influence of the losses
and g2 on the fidelity to decrease if one of the parameters gets low enough. This effect becomes clearer if one
considers g2 = 0. In this case, the loss does not matter for the fidelity, as we filter out the state in the case of
loss. Only with higher-order terms is it possible to accept the state if losses happen. The same argument
works the other way around, i.e. in the absence of loss, higher-order terms have no influence. However, the
loss probabilities are usually too large to be the limiting factor. Overall, we found that post-selection prevents
a significant influence of loss and g2 on the fidelity if one of them is low enough, which is the case in both
parameter regimes. But especially in the solid-state parameter regime, the overlap is the only relevant
parameter, as higher-order terms are vanishingly small.

When considering the success probability, the overlap is still significant but is not the dominant
parameter as it is for the fidelity (cf figure 5(a)). The relative image range of the overlap is now only 3.6% for
SPDC sources and 15.7% for solid-state sources—so also for the success probability, the overlap has a larger
influence on the solid-state sources than on the SPDC sources. The loss has an even bigger impact on the
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Figure 6. The success probability depicted for different overlaps versus g2 and simplified loss in the close-to-optimal parameter
regime.

Table 2. Evaluation of the influence using the relative image range∆ (cf equation (3)) and the correlation coefficient Corr (cf
equation (4)) of the different error parameters only for the simplified loss. pL is the coefficient for the convex combination of maximum
and minimum loss as described in the previous section.

Fidelity Success prob.

SPDC Sol.-state Close-to-opt. SPDC Sol.-state Close-to-opt.

Corr(ovl, ·) (%) 99.0 99.8 99.7 4.3 22.3 6.0
Corr(1− g2, ·) (%) 8.0 3.0 5.0 2.7 6.0 18.4
Corr(1− pL, ·) (%) 11.7 1.6 5.1 98.1 95.3 97.7

∆(ovl, ·) (%) 83.6 95.7 88.8 3.6 15.7 3.9
∆(g2, ·) (%) 6.7 3.0 5.6 2.1 3.9 14.7
∆(pL, ·) (%) 9.8 0.4 5.6 93.7 77.2 80.0

Table 3. Evaluation of the influence for the different loss types using the relative image range∆ (cf equation (3)) on the fidelity and the
success probability for all three parameter regimes.

Fidelity Success prob.

SPDC Sol.-state Close-to-opt. SPDC Sol.-state Close-to-opt.

∆(pL.Prep, ·) (%) 6.4 0.2 3.4 36.3 27.5 31.3
∆(pL.Ops, ·) (%) 1.8 0.1 3.1 13.8 12.2 30.0
∆(pL.Det, ·) (%) 1.6 0.1 0.8 37.0 32.5 31.7

success probability—the correlation between the simplified loss and the success probability for SPDC sources
is almost as large as the correlation between the overlap and the fidelity. Even the individual loss parts are
significant—especially, preparation and detection loss have higher relative image ranges than g2 or the
overlap in both parameter regimes, only the component loss yields a lower image range than the overlap for
solid-state sources. This difference in influence can also be seen in figures 5(b) and (c), where the contour
plots are almost horizontal which indicates a low dependency on the y-axis which shows the g2 value.

Another difference between the fidelity and success probability is how they are affected by the different
kinds of loss, as shown table 3. For the fidelity, loss becomes more irrelevant during the process, i.e. loss at
preparation is most significant and loss at detection is rather insignificant. This is probably because later loss
is detected better by the post-selection as it is less likely to pair with a higher-order term. On the other hand,
it makes no difference for the success probability, whether loss has happened in the preparation or detection
process—the relative image ranges for both cases are very close.

9
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Many of the observations for the realistic parameter regimes hold in the close-to-optimal regime as well.
The overlap influences the fidelity more (cf figure 4) and the success probability less (cf figure 6). The loss is
the most relevant parameter for the success probability and g2 never has the most influence. Further, we again
found that the loss becomes more insignificant for the fidelity throughout the process (cf table 3). However,
there are still differences. More specifically, higher-order terms are now more relevant than in the realistic
parameter regimes. While in the latter, the correlation with g2 and its relative image range are always lower
than those of the overlap, in the close-to-optimal parameter regime the success probability depends more on
g2 than on the overlap. But also in general, g2 is more relevant in this parameter regime, e.g. it has the same
relative image range as the simplified loss for the fidelity and also the correlation coefficients are similar.

Key findings
• The GHZ state fidelity of the outcome depends mainly on the overlap for all three parameter regimes. This
is especially true for the solid-state parameter regime and the close-to-optimal one, where the low g2 value
prevents the influence of loss and higher-order terms.

• The success probability of the circuit depends mainly on the loss and is more independent of the overlap
and the higher-order terms.

• For both measures mentioned above, the SPDC sources are more influenced by loss and higher-order terms
than the solid-state sources which in turn are more influenced by the overlap.

• Only for the success probability in the close-to-optimal parameter regime, g2 is more relevant than the
overlap.

• In general, regarding the success probability, the solid-state sources performbetter on average than the SPDC
sources possibly due to the larger overlap independence of this measure. For the same reason, SPDC sources
reach better fidelities.

4. Discussion

The use of multipartite entanglement is prevalent in photonic implementations of quantum communication
and computation protocols. In this work, we investigate the influence of experimental imperfections on the
generation of a well-known maximally entangled state, namely the GHZ state. We conducted large-scale
simulations of a commonly-used circuit for GHZ state generation, using realistic parameters for SPDC and
solid-state photonic sources, and we also investigated what happens in a close-to-optimal parameter regime.
With the data obtained from our simulations, we analyzed the influence of different error parameters using
the correlation coefficient as well as the newly-introduced relative image range. Our results indicate that
present-day experimental setups are still too erroneous to implement sufficiently good GHZ states using the
considered well-established generation method. To tackle this, we propose some steps towards generating
better GHZ states. Improving the pairwise overlap should be the first priority to reach higher fidelities. Then,
once we are in a high-overlap regime, we can choose between decreasing loss and higher-order terms, where
decreased loss comes with the benefit of a significantly higher success probability.

Although the fidelity is amongst the most common measures for the quality of a state, it would be
interesting to run our methods for different, more specialized measures. While it is widely believed that we
need almost perfect GHZ states for implementing protocols using measurement-based quantum computing,
for some cryptographic applications like conference key agreement [8], imperfect GHZ states could also be
used, combined with classical post-processing. For this purpose, a measure of non-classicality (e.g.
contextuality) might be more interesting than the fidelity: One such candidate could be the success
probability of the MBQC implementation of the OR-gate [47]. In the context of quantum networks, it would
also be interesting to combine this work with recent investigations on distributing GHZ states [48, 49].

Finally, besides varying the quality measure, one could also vary the method of generating the states and
investigate different circuits. Our simulations allow us to understand better how to potentially improve the
way we currently generate GHZ states, and thus gain better fidelities. However, as this might not be
practically feasible in the near future, our work also aims to stimulate and promote research towards different
preparation methods for photonic state generation.

Code availability statement

The code for the simulation is written in C++. Besides standard libraries, the Boost library [50] was used.
The code to generate the data used to compute the fidelities and success probabilities is openly available at
the following URL/DOI: 10.5281/zenodo.11518712.

10

https://doi.org/10.5281/zenodo.11518712


New J. Phys. 26 (2024) 113021 F Wiesner et al

Data availability statement

The data that support the findings of this study are openly available at the following URL/DOI: 10.5281/
zenodo.14168252.

Acknowledgments

This work was supported by the German Federal Ministry of Education and Research (BMBF Project
QPIC-1, No. 13N15870 and Project DiNOQuant, No. 13N14921), by PiQ (a project of the DLR Quantum
Computing Initiative, funded by the Federal Ministry for Economic Affairs and Climate Action), by
Qompiler (funded by the German Federal Ministry for Economic Affairs and Climate Action), the DFG (via
the Emmy Noether Grant No. 418294583), the European Research Council (ERC, Starting Grant QUREP,
NO. 851810), the Hector Fellow Academy and the Einstein Foundation Berlin (Einstein Research Unit on
Quantum Devices).

ORCID iDs

Fabian Wiesner https://orcid.org/0000-0003-1309-9786
Helen M Chrzanowski https://orcid.org/0000-0001-6881-4842
Gregor Pieplow https://orcid.org/0000-0001-8133-4704
Tim Schröder https://orcid.org/0000-0002-2474-5395
Anna Pappa https://orcid.org/0000-0002-4662-149X
Janik Wolters https://orcid.org/0000-0002-1940-2291

References

[1] Greenberger D M, Horne M A and Zeilinger A 1989 Going Beyond Bell’s Theorem (Springer) pp 69–72
[2] Bouwmeester D, Pan J-W, Daniell M, Weinfurter H and Zeilinger A 1999 Observation of three-photon

Greenberger-Horne-Zeilinger entanglement Phys. Rev. Lett. 82 1345–9
[3] Leung D, Oppenheim J and Winter A 2010 Quantum network communication—the butterfly and beyond IEEE Trans. Inf. Theory

56 3478–90
[4] Hahn F, Eisert J and Pappa A 2019 Quantum network routing and local complementation npj Quantum Inf. 5 76
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