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Abstract
We present a detailed study of a microwave single-photon source utilizing a transmon qubit
asymmetrically coupled to two transmission lines: a weakly coupled drive line and a strongly
coupled emission line. Our design allows for the generation of single photons in the microwave
regime, which are essential for quantum communication, computing, and sensing applications. In
addition to single-photon generation, the same design functions as a power sensor and enables
precise measurement of the system’s attenuation. This dual functionality allows us to calibrate the
noise of our amplification chain. This enables a self-calibrated architecture in which the same
device acts simultaneously as the photon source and as a reference standard, eliminating the need
for external tones or calibrated inputs. With this calibration we reconstruct the density matrix of
the emitted photon state, for which we achieve a fidelity of 61.4% and measure a second-order
correlation function of g(2)(0) = 0.06+0.45

−0.06, indicating quantum nature and single-photon
characteristics. These results confirm generation of single photons and demonstrate the potential
of transmon qubits in advancing quantum technologies in the microwave domain.

1. Introduction

The generation of single-photons has fundamental applications in various quantum technologies, enabling
advancements in quantum communication, computing, and sensing. In particular, single-photon sources are
key components for quantum key distribution (QKD) protocols [1, 2], quantum networks [3, 4], and
quantum sensing systems, where they can serve as calibration tools for single-photon detectors [5, 6].
Significant progress has been achieved in optical single-photon sources using various technologies, including
quantum dots, trapped ions, and defect centers in diamond [7–11]. In the microwave frequency range,
superconducting circuits containing transmon or flux qubits have been demonstrated as single-photon
sources [12–14]. Transmon qubits emerge as a flexible platform to build a single microwave photon source
because their strong and tunable coupling to transmission lines allows efficient photon emission, which is
critical for single-photon generation in circuit quantum electrodynamics (cQED) and waveguide quantum
electrodynamics (wQED) architectures. Waveguide quantum electrodynamics (wQED) describes the
interaction of artificial atoms, such as transmon qubits, with photons propagating in one-dimensional
transmission lines. This architecture enables strong light-matter interactions, facilitating the realization of
on-chip quantum networks and distributed quantum information processing [15–19]. A single-photon
source in a wQED system can be used for a variety of applications, including quantum communication over
microwave networks and quantum sensing, where single-photon calibration is essential for accurate detector
performance.
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In this paper, we present measurements of a microwave single-photon source based on a transmon qubit
asymmetrically coupled to two transmission lines: a weakly coupled drive line and a strongly coupled
emission line. Our design can be easily modified to achieve the desired coupling with the emission line. We
quantify the fidelity of single-photon generation and analyze the emitted photon statistics to confirm their
quantum nature. A central novelty of this work is the use of Josephson parametric amplifiers (JPAs) to
achieve high-efficiency quadrature measurements, combined with a protocol that enables direct,
self-calibrated reconstruction of the emitted photon state—without external cancellation tones or calibrated
reference sources. The same device is used both as a photon emitter and as a power sensor for absolute
calibration of the detection chain. By applying this method to two independent detection channels, we
demonstrate and verify the self-calibrating nature of the platform. This dual role represents a key innovation:
the device not only emits quantum states, but also serves as its own calibration standard, enabling
autonomous, in-situ characterization of quantum microwave signals. We also include a detailed efficiency
analysis that supports the consistency between the reconstructed state fidelities and the system’s intrinsic
performance. These results establish a novel, compact, and autonomous approach for microwave quantum
technologies, including quantum communication, single-photon calibration, and sensing.

2. Device characterization

2.1. Measurement setup
The single-photon source is shown in figure 1(a). The chip features a floating transmon with two capacitor
pads connected by a dc superconducting quantum interference device (dc-SQUID) for frequency tunability.
The qubit is strongly coupled to a port from the upper capacitor pad of the transmon. The lower pad is
weakly coupled to a drive line for qubit control. A coplanar waveguide (CPW) terminated by an inductive
loop is used to bias the dc-SQUID. The coupling ratio of the two capacitively-coupled ports is designed to
prefer emission through the upper port (emission line). The equivalent circuit is shown in figure 1(b) where
CD ≈ 0.21fF is the capacitance between the qubit and the drive line, CE ≈ 3.90fF is the capacitance between
the emission line and the qubit, and CS ≈ 87.6fF is the effective qubit shunt capacitance. The capacitance
values are extracted using finite element electromagnetic simulations. The Josephson junctions in the
asymmetric dc-SQUID were designed with critical currents of 85 nA and 52 nA.

The full experimental setup is shown in figure 2. The control pulses for the qubit are generated by an
arbitrary waveform generator (AWG) to construct gaussian modulated pulses at intermediate frequency (IF)
ωIF/2π = 50MHz, combined by using an IQ-mixer with a gigahertz-frequency local oscillator (LO). The
output detection system consists of splitting the emission line with a commercial 90-degree hybrid
beam-splitter with wide bandwidth (4 GHz–8 GHz). After the beam-splitter, the two branches (channels) are
independently amplified and digitized; each amplifier chain consists of a JPA used in reflection mode, a
low-noise high electron mobility transistor (HEMT), and a low-noise room-temperature amplifier (LNA).
The amplified signal from each channel is then downconverted by heterodyne detection with IF ωIF/2π = 50
MHz by using an image rejecting mixer and then digitized using a digitizer with sampling frequency of
fs = 500 MHz.

With this measurement setup we perform a digital, two-quadrature homodyne detection on the signal
from each channel following the method described in [20]. The use of a beam-splitter allows us to split the
emitted signal into two independent detection paths, each amplified and digitized separately. This
configuration enables cross-correlation techniques and independent verification of the reconstructed photon
state, which is essential for confirming the self-calibrating nature of the source. However, the presence of the
beam-splitter necessarily reduces the detection efficiency in each channel by a factor of approximately two,
since the signal is equally divided between the two paths.

2.2. Qubit characterization
The qubit was first characterized using a 2-port vector network analyzer (VNA) to measure the S21 scattering
parameter through the emission-line monitor/directional coupler and detecting the reflection through one
of the two amplified channels after the beam splitter. Figure 3 shows the magnitude of S21 as a function of
frequency and flux-bias of the dc-SQUID, showing how the qubit transition frequency depends on flux-bias.
For all subsequent measurements in this paper, the qubit was operated at the upper sweet-spot of its
tunability curve (maximum frequency in figure 3) to minimize flux-noise and match the operating frequency
range of the parametric amplifiers.
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Figure 1. (a) Picture of the transmon qubit used as a single-photon source. It is a floating transmon with two pads connected by a
dc-SQUID to enable tunability. The coupled lines are, clockwise from left: a drive line, weakly coupled to limit photon emission
but enable qubit control, an emission line with strong coupling to channel most of the photons through this port, and a flux-line
to bias the dc-SQUID. (b) Equivalent circuit scheme: CD ≈ 0.21 fF, CE ≈ 3.90 fF, and CS ≈ 87.6 fF are the drive-qubit
capacitance, the emission-qubit capacitance, and qubit equivalent shunt capacitance, respectively. Due to this asymmetric
coupling, we expect that approximately 94% of the generated photons are emitted through the designated output line.

Figure 2. The experimental measurement setup showing the coaxial components at different temperature stages in our dilution
refrigerator. The transmon qubit emission line is connected to a beam-splitter and each output channel has an independent
amplifier chain (flux pumped JPA in reflection mode+HEMT+ LNA). The two JPA pump lines feature different total
attenuation, because they have different designs and power requirements. A dedicated drive line is used for qubit control pulses.
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Figure 3. S21 measurement showing the transmon frequency dependence on flux bias. The color scale corresponds to the
magnitude of S21, which in our setup is equivalent to the magnitude of the reflection coefficient r, as defined in equation (1). The
green star represents the frequency used for the measurements in figure 4.

Figure 4. (a) S21 resonance circles in the real and imaginary plane measured as a function of excitation power; excitation power is
referenced to the qubit, as determined from figure 5. Data are normalized by subtracting the background. The solid lines show the
fit performed with shared parameters for all powers. (b) Fits for Rabi frequencyΩ as a function of the drive amplitude at the qubit,
showing the expected linear dependence. The error bars are smaller than the dots. The color scale applies to both (a) and (b).

By measuring the reflection coefficient, r, at the emission port it is possible to extract the qubit
parameters using:

r(∆) = 1− Γr
1

Γ2

1+ i ∆
Γ2

1+
(

∆
Γ2

)2
+ Ω2

Γ1Γ2

, (1)

where∆ is the drive-qubit detuning, Γ1 = Γr
1 +Γnr

1 , Γ
r
1 is the qubit relaxation rate due to coupling to the

environment through the port, Γnr
1 is the non-radiative relaxation rate, Γ2 = Γ1/2+Γϕ and Γϕ is the qubit

decoherence rate and Ω is the Rabi frequency [21]. The Rabi frequency is directly related to the power at the
qubit coupling port (W0):

W0 =
h̄ω01Ω

2

4Γr
1

, (2)

where h̄ is the reduced Planck constant and ω01 is the qubit frequency. These expressions are obtained by
solving the dynamics of the qubit under a coherent drive as in [21]. Figure 4(a) shows the S21 resonance
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Figure 5. Real part of the reflection coefficient (R(r)) at the emission port as a function of the VNA output power. The data in
blue are shown along with the analytical power dependent reflection coefficient from equation (2) for different line attenuation
values: in red is the best fitting curve, while in green and orange are the curves with 2 dB less and more attenuation, respectively.

measurement in the real and imaginary plane as a function of the excitation power at the qubit. The data are
normalized by subtracting the background measurement with the qubit frequency ω01 detuned by several
gigahertz using flux bias. At the sweet-spot qubit frequency, we expect the non-radiative losses dominate over
pure dephasing, i.e. Γnr

1 ≫ Γϕ. For the fitting function we therefore assume Γϕ is negligible, which is later
confirmed in figure 6(d). To extract the qubit parameters, the data for all powers are fit simultaneously with
shared parameters Γ1 and Γnr

1 and with unique Ω for each power. The best-fit qubit parameters are
ω01/2π = 7.8935 GHz, Γr

1/2π = 569.3± 0.3 kHz and Γnr
1 /2π = 339± 3 kHz, while figure 4(b) shows the

Rabi frequency Ω as a function of amplitude.
Using these fit parameters the absolute power [22] at the emission port can be calibrated using

equation (2), resulting in (88.79± 0.06) dB total attenuation from the VNA output port to the transmon
emission port. Figure 5 shows the real part of the reflection coefficient (R(r)) at the emission port as a
function of the VNA output power5. The data in blue are extracted from the fits in figure 4 and the analytical
curves are calculated using equation (2) for different total line attenuation values. In red is the best fitting
curve with a total attenuation of 88.79 dB. For reference, the green and orange curves are the cases with 86.79
dB and 90.79 dB total attenuation, respectively.

2.3. Qubit driving and Rabi oscillations
Once the qubit has been characterized, we can drive the qubit through the weakly-coupled port and observe
Rabi oscillations. To extract the quadratures X (both I and Q) of the mode that describes the emitted photon
at the emission port, we use temporal mode matching:

X=

ˆ
dtf(t)Xout (t) , (3)

where Xout(t) is the continuous quadrature sampled in the experiment and f (t) is the mode matching
function. It can be demonstrated that the choice of f (t) that maximizes the efficiency is:

f(t) =
√
Γ1e

−Γ1 t
2 , (4)

where Γ1 is the qubit relaxation time [23]. We extract the two field quadratures I and Q for each
measurement by mode matching the emission field for both channels (1 and 2). We define the complex field
detected as:

Sj = Ij + iQj, (5)

where i is the imaginary unit, j indicates the channel, and I and Q are the mode-matched quadratures. If we
vary the gaussian pulse width and amplitude we obtain the Rabi oscillations shown in figures 6(a) and (b).
Figure 6(b) shows the cross-power measurement that is obtained as ⟨S∗2S1⟩ and is a convenient measurement
of the photon number operator ⟨a†a⟩, where a is the annihilation operator for the emission mode [24].

5 Although the VNA power was calibrated at the output port using a commercial power sensor, the measurement at the qubit is an
independent, absolute calibration per equation (2).
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Figure 6. (a) and (b) Rabi oscillations of the transmon qubit obtained by temporal mode matching the emission as function of the
gaussian drive pulse σ and amplitude. Both the field quadrature Q (∝ a) and the cross-power ⟨S∗2 S1⟩ (∝ a†a) are shown. In (c)
the σ= 25 ns slices corresponding to the green lines in (a) and (b) are shown for both measurements. In grey and red are the two
chosen amplitudes for the π/2 and π-pulse, respectively. (d) The qubit emission power after driving with a π-pulse. Two
exponential curves are shown to emphasize the total qubit decay rate.

Figure 6(c) shows a section of figures 6(a) and (b) that we use to calibrate the π-pulse and π/2-pulse. The
maximum emission in the cross-power corresponds to the emission of a single-photon after a π-pulse and
the minimum in Q corresponds to a π/2-pulse. Figure 6(d) shows the time evolution of the expectation
value ⟨a†a⟩ following the application of a π-pulse. This quantity is proportional to the probability of
single-photon emission into the output line and reflects the population of the qubit’s excited state. The
observed exponential decay of ⟨a†a⟩ is governed by the total energy relaxation rate of the qubit,
Γ1 = Γr

1 +Γnr
1 . Two exponential fits are overlaid: one with Γ1/2π = 907.8 KHz (solid red line),

corresponding to the total relaxation rate, and another with Γr
1/2π = 569.3 KHz (dashed blue line),

corresponding to the radiative component only. The best agreement is found with the total decay rate (red
curve), supporting our assumption that non-radiative losses dominate over pure dephasing, i.e. Γnr

1 ≫ Γϕ. If
pure dephasing were significant, the data would lie closer to the blue curve, since Γϕ does not contribute to
energy loss and hence to photon emission. The clear preference for the red curve confirms that energy
relaxation is the dominant decoherence channel in our system.

3. Density matrix reconstruction

With the control pulses calibrated, next we need to demonstrate that we are indeed generating a
single-photon in the emission line. To do so we reconstruct the emitted field density matrix with a Maximum
Likelihood Estimation (MLE) method based on moments extraction [23]. In order to properly extract the
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density matrix, we first calibrate the total added noise of our amplification chain. The main advantage of this
protocol is that the device itself serves as the calibration source without the need for additional experimental
changes and measurements. We use data collected from only one output channel in the next section.

3.1. Noise calibration
Using the power calibration described in section 2.2, we estimate the power of a signal at the qubit emission
port and therefore the total gain of the system. We measure the peak power Pout[W] (in Watts [W]) at the
fridge output with a spectrum analyzer (SA) and compare it with the estimated power Pqubit[W] at the qubit
to obtain the total gain as G= Pout[W]/Pqubit[W]. By measuring the RMS noise floor Pfloor[W] we can
calculate the average number of thermal photons introduced by the detection chain:

N0 =
Pfloor[W]

GBWh̄ω01
− 1= 4.935± 0.081, (6)

where BW is the SA bandwidth. In this treatment N0 represents the added number of quanta above the
vacuum fluctuations (1/2) plus the minimum allowed added noise (1/2). Note that the beam-splitter
increases the added noise by a factor of two since we collect in one branch only half of the photons. The
corresponding detection efficiency can be calculated as:

ηdet =
1

1+N0
= 0.168± 0.003. (7)

It is important to note that ηdet is the detection efficiency of our detection chain and does not include the
source efficiency, which we calculate in section 4. The value ηdet represents the detection efficiency relative to
the best achievable efficiency. For N0 = 0, ηdet = 1 represents an ideal detection system based on a quantum
limited amplifier that adds 1

2 quanta of noise.

3.2. Data acquisition
We prepare the qubit in three quantum states: |0⟩ (not driving the qubit), |1⟩ (driving with a π-pulse) and
1/
√
2(|0⟩+ |1⟩) (driving with a π/2-pulse). We then use temporal mode matching on both quadratures in

the same way as the Rabi oscillation measurements from section 2.2 and store each measurement as a pair
Ij,Qj. We measured Nmeas = 2× 106 pairs for each state and re-scaled the I−Q values so they match the
vacuum state variance of N0/2+ 1/2, where N0 is known from equation (6) through the self-calibrated
measurement. To visualize the field quadrature distribution we construct histograms in the I−Q plane. The
results are shown in figures 7(a)–(c). These histograms represent direct measurements of the s-parametrized
quasiprobability distributions and they store all the information needed for the density matrix
reconstructions. The added noise masks the field quadrature distributions but the profile histogram
(figure 7(d)) clearly shows different statistics for the three states. Subtracting the vacuum histogram
distribution from the other two emphasizes the actual distribution of the emitted field (figures 7(e) and (f)).

4. Analysis

We now want to find the state that generated these distributions. In our experiments, the density matrix of
the microwave field is reconstructed by measuring the normally ordered moments of the field operator â up
to a fixed order. These moments are extracted from the complex amplitude distribution obtained from
repeated measurements of

Ŝ= â+ ĥ† = Î+ i Q̂, (8)

where ĥ represents the noise mode of the amplification chain and Î and Q̂ are the two conjugate quadratures
of the field. Assuming that the signal and the amplifier noise are uncorrelated, the measured moments of Ŝ
are deconvolved to yield the corresponding moments of â. The maximum-likelihood estimation is then
implemented by minimizing the log-likelihood function

L=−
n+m⩽8∑
n,m

1

δ2n,m

∣∣∣⟨(â†)n âm⟩exp −Tr
[
ρ
(
â†
)n
âm

]∣∣∣2 , (9)

where ⟨(â†)nâm⟩exp denotes the experimentally determined moments, δn,m are the associated standard
deviations, and the summation runs over all moments up to the chosen order. The density matrix ρ is
estimated subject to the physical constraints ρ⩾ 0 and Tr(ρ) = 1. This approach yields a robust
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Figure 7.Measured quadrature distributions for the three prepared quantum states: (a) |0⟩, (b) |1⟩, and (c) 1√
2
(|0⟩+ |1⟩). (d)

Profile distribution for the three states. (e) Resultant quadrature distribution for |1⟩ after subtracting the histogram (a) from (b).
(f) Resultant quadrature distribution for 1√

2
(|0⟩+ |1⟩) after subtracting the histogram (a) from (c).

Figure 8. (a) Wigner representation of the reconstructed state emitted by the transmon after a π-pulse. The small circular
asymmetry can be explained by an imperfect state preparation creating a coherent mixture of a single photon Fock state with a
small amount of vacuum. (b) Wigner representation of a theoretical single-photon Fock state. The a variable represents the
reconstructed field as a= (x+ i p)/2, where x and p are the field quadratures.

reconstruction of the state even in the presence of significant detection noise [23]. We apply this
reconstruction methodology to the |1⟩ and 1√

2
(|0⟩+ |1⟩)measured quadratures. Figures 8(a), (b), 9(a) and

(b) show the Wigner function of the reconstructed density matrices for the two states along with the Wigner
functions expected for the prepared state. The negative values of the reconstructed Wigner functions confirm
that the generated states are non-classical (W(0,0)≈−0.07 for the |1⟩ state). To quantify our ability of
generating the states we calculate the fidelity between the reconstructed (ρreco) and theoretical
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Figure 9. (a) Wigner representation of the reconstructed state emitted by the transmon after a π/2-pulse. (b) Wigner
representation of a theoretical superposition state |Ψ⟩= 1/

√
2(|0⟩+ |1⟩). The a variable represents the reconstructed field

variable as a= (x+ i p)/2, where x and p are the field quadratures.

(ρth) density matrix

F =

(
Tr
√√

ρreco ρth
√
ρreco

)2

. (10)

The |1⟩ state is reconstructed with F ≈ 61.4% and 1√
2
(|0⟩+ |1⟩) with F ≈ 90.3%. From the extracted

moments we can also calculate the second order correlation function for the single-photon Fock state [25]:

g(2) (0) =

〈(
a†
)2
a2
〉

⟨a†a⟩2
= 0.06+0.45

−0.06, (11)

where the uncertainty is limited by the number of measurements, the value of which is a measurement of the
anti-bunching of the emitted photons, showing that the emitted state is indeed non-classical and
single-photons are being generated from the source. For an ideal single-photon Fock state, the second-order
correlation function at zero time delay is expected to be g(2)(0) = 0. This reflects the fundamental property
of antibunching: a true single-photon state cannot simultaneously produce two detection events, meaning
that two detectors (or the same detector in a time-resolved measurement) will never click at exactly the same
time due to a single photon. However, in realistic experimental conditions, various imperfections such as
photon losses, background noise, multi-photon contamination, or non-ideal detection efficiencies typically
raise the observed value of g(2)(0) above zero. Nevertheless, values substantially below 1 (and particularly
values g(2)(0)< 0.5) are widely regarded as strong indicators of genuine single-photon emission. In our
experiment the observed value of g(2)(0) falls well within this indicative range. Consequently, we interpret
this result as robust evidence of single-photon character in the emitted field. The fidelity of reconstruction
achieved is mostly limited by the intrinsic source efficiency, which is the efficiency with which the source
emits the photon in the wanted direction (i.e. the emission line). The intrinsic efficiency of this source can be
estimated as in [26] from Γr

1 and Γ2 obtained from the reflection coefficient measurement. Hence the
intrinsic efficiency is

ηint =
Γr
1

2Γ2
≈ Γr

1

Γr
1 +Γnr

1

= 0.627± 0.002. (12)

The large discrepancy in fidelity between the |1⟩ and (|0⟩+ |1⟩)/
√
2 states agrees with the expected fidelity of

a single-photon source with the measured intrinsic efficiency (ηint). The inefficiency can be modeled as a
fictitious beam-splitter with transmission

√
ηint and reflection

√
1− ηint (emission in environment). Since

the vacuum component |0⟩ remains unaffected by loss, this model implies that only the single-photon
component |1⟩ is subject to attenuation, leading to a reduction in the measured coherence and population of
states containing |1⟩. As a result, states with larger |1⟩ amplitude (such as the pure |1⟩ state) are more
strongly affected by inefficiency than balanced superpositions, thereby explaining the observed discrepancy

9
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in fidelity. In the case of a superposition |ψ⟩= α|0⟩+β|1⟩ we can calculate the expected fidelity of
reconstruction as a function of ηint:

F (α,β,ηint) = |α|4 + ηint|β|4 +(2
√
ηint + 1− ηint) |α|2|β|2. (13)

Using ηint = 0.627 the expected fidelities for the |1⟩ and (|0⟩+ |1⟩)/
√
2 are:

F (α= 0,β = 1) = ηint ≈ 62.7% (14)

F
(
α= 1√

2
,β = 1√

2

)
=

1+
√
ηint

2 ≈ 89.6%. (15)

To prove that this intrinsic efficiency is mainly responsible for the reconstruction infidelity, we can include
this efficiency in the reconstruction analysis. To do so we must calculate the cumulative efficiency as:

ηtot = ηint × ηdet = 0.106± 0.002, (16)

corresponding to an average number of thermal photons of

Ntot
0 =

1

ηtot
− 1= 8.56± 0.13. (17)

Running the reconstruction algorithm on the same data assuming this level of added quanta enhances the
reconstructed state fidelity. The resulting reconstruction fidelity increases to F ≈ 97.3% for the |1⟩ state and
to F ≈ 99.9% for the 1√

2
(|0⟩+ |1⟩) state. As a confirmation of the self-calibrated nature of this device, we

applied the same analysis to the second branch after the beam-splitter. The noise added by the amplification
chain of the second branch is noisier than the first, previously-analyzed branch, presumably due to one or
more noisier components in the chain. Using the same calibration and procedure, we measured the number
of added quanta and the efficiency of the second branch:

NBranch2
0 = 8.40± 0.13 (18)

ηBranch2 = 0.106± 0.001 (19)

where NBranch2
0 is the added number of quanta for the second branch not accounting for the intrinsic

efficiency. The fidelity of reconstruction of the density matrix for this branch is compatible with the previous
results: FBranch2 ≈ 61.3% for the |1⟩ state and FBranch2 ≈ 85.6% for the 1√

2
(|0⟩+ |1⟩) state. If we account for

the intrinsic inefficiency of the source the total number of added quanta is:(
NBranch2

0

)tot
= 14.00± 0.20 (20)

(
ηBranch2

)tot
= 0.055± 0.001. (21)

The reconstructed MLE density matrices reached FBranch2 ≈ 98.1% for the |1⟩ state and FBranch2 ≈ 93.4% for
the 1√

2
(|0⟩+ |1⟩) state. These results confirm that the limiting factor to the reconstruction fidelity is the

generation efficiency of the source. Each time the qubit is excited, the corresponding emission can occur
through the emission port (approximately 63% of the time) or through any other non-radiative channel that
we are unable to detect. The limited generation efficiency is mostly related to the ratio between the emission
port coupling Γr

1 and the non-radiative couplings Γ
nr
1 . Increasing the coupling Γ

r
1 by a factor of 5 is

achievable with a simple redesign, for example by reducing the distance between the emission line and the
transmon pad, leading to an intrinsic efficiency ηint ≈ 90% improvement with similar non-radiative losses. A
relatively small coupling Γr

1 was chosen to obtain a qubit T1 ≈ 100 ns to be able to use control pulses on the
scale of tens of nanoseconds. Stronger coupling rates would result in a reduced energy relaxation time T1,
requiring high-speed control electronics capable of producing sub-10 ns pulses to operate this device. These
electronics are available but, due to spectrum broadening from the faster pulses, would lead to significant
rates of state leakage if no modifications were made to increase qubit anharmonicity and improve the pulse
spectrum, such as using DRAG pulses [27]. The high value of Γr

1 from the increased qubit/transmission line
coupling provides sufficient design space to increase the transmon anharmonicity by lowering the Ej/Ec
ratio; the resultant increase in qubit decoherence due to increased charge noise sensitivity can be tolerated
without significantly degrading the device efficiency. Simulations of the redesigned transmon-based device,
featuring a 5X-stronger coupling, suggest that an anharmonicity of approximately 450 MHz (previously∼
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220 MHz) can be achieved with EJ/EC ≈ 43 (with f01 ≈ 7.9 GHz); under these conditions, the pure
dephasing time Tϕ, limited by charge noise, remains significantly longer than the relaxation time T1, which
is expected to be around 10 ns [28]. In contrast, targeting similar anharmonicities at lower frequencies f01 ≲
5.5 GHz may not be feasible. This would require operating at smaller EJ/EC ratios, entering a regime where
Tϕ is predicted to become too strongly limited by increased sensitivity to offset charge fluctuations [28].
Higher anharmonicities can be achieved with alternative designs such as fluxonium qubits [29]. Future
designs can be modified with the specific application of the source in mind.

5. Conclusions

This paper demonstrates a microwave single-photon source based on a transmon qubit asymmetrically
coupled to two transmission lines. We show a complete analysis of an itinerant microwave photon state
reconstruction and highlight the different contributions to the source and detection efficiencies. In addition
to our device’s role as a single-photon source, the same design was demonstrated as a power sensor and was
used to measure the attenuation of the system, showcasing its versatility in advancing quantum technologies.
The design’s calibration capability enabled the reconstructions of different emitted photon states, achieving
fidelities of 90.3% for a superposition state and 61.4% for the |1⟩ state, with a second-order correlation
function (g(2)(0) = 0.06+0.45

−0.06) confirming its single-photon nature. These reconstruction fidelities are in
good agreement with the expected values based on the intrinsic and independently calibrated detection
efficiencies, providing evidence for the quantitative reliability of the self-calibrated protocol. This work
experimentally demonstrates that the same physical device can provide both absolute power calibration and
single-photon generation. Using the transmon as an internal power reference, we extracted the total system
attenuation and gain, and independently quantified the added noise of the amplification chain. These
calibrated parameters enabled a self-consistent reconstruction of the emitted quantum states without the use
of external references. Moreover, the agreement between the independently reconstructed density matrices
from two separate detection channels further confirmed the internal consistency and self-calibrating nature
of the platform.

The main limitations in fidelity are due to intrinsic source efficiency (63%). For practical applications,
where high-precision state preparation is essential, the objective is to achieve fidelities approaching 100%.
Enhancing the coupling design and improving detection methods could significantly increase performance;
intrinsic efficiencies up to 90% are feasible [26]. This performance is competitive with state-of-the-art
single-photon sources based on quantum dots, which have demonstrated internal efficiencies exceeding
90% [30]. This study demonstrates the potential of transmon-based designs for generating single photons at
microwave frequencies, with practical applications in quantum communication and sensing. Future work
can focus on improving the source efficiency and the emission rate for specific applications.
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