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Abstract

This report describes how the relatively cheap Vaunix Lab Brick
LMS103 microwave generators can be used for qubit spectroscopy of
a superconducting transmon qubit. The characteristics of the devices
are explained and a new measurement setup is developed. This new
setup allows to successfully measure the eigenstates of the coupled
qubit-cavity system. Though the new setup should theoretically be
able to realise Rabi oscillations, they could not be realised due to time
constraints and insufficient qubit quality.
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1 Introduction, Goals and Motivation

Figure 1: A Vaunix LMS103 Lab Brick generator.

The goal of this work was to use two Vaunix Lab Brick LMS103 mi-
crowave generators (depicted in Fig. 1) to perform qubit spectroscopy on a
superconducting transmon qubit. The reason for this was that they offer
reasonable power while being relatively cheap. In fact, their price is about
a factor 3 smaller compared to the microwave generators currently in use in
the lab.
The ability to prepare, manipulate and read out qubit states at low costs
will become more and more important when the systems are scaling up to
several qubits.

The following work was done during the thesis:

• Gain knowledge about the theoretical foundations of transmon qubits.

• Measure the properties of both used Lab Brick microwave generators.

• Test if the usual setup works together with the Lab Bricks. It does
not.

• Develop a new setup.

• Perform cavity spectroscopy using the new setup.

• Realise Rabi oscillations.
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2 Theoretical background: Transmon qubit

2.1 Qubit

The fundamental piece of information in a classical computer is a bit: It
represents one of the values 0 or 1 [1]. Similarly, the fundamental informa-
tion unit in quantum information theory is the qubit. Its state can be an
arbitrary superposition of the states |0〉 and |1〉:

|Ψ〉 = c1 |0〉+ c2 |1〉 , (1)

where |Ψ〉 is the state of the qubit and the coefficients c1, c2 ∈ C fulfil the
normalization condition

〈Ψ|Ψ〉 = |c1|2 + |c2|2 = 1, (2)

in order to preserve the interpretation of the coefficients as probability am-
plitudes.
Altogether, a qubit is a quantum mechanical 2-state-system. There are sev-
eral ways to implement such a system in practice, e. g. using quantum dots,
photon states, trapped ions or superconducting materials [2]. For the mea-
surements discussed in this report, only superconducting qubits (transmon
qubits, see next section) were used.

2.2 Transmon qubit

A transmon qubit is a superconducting resonant circuit. Basically, it is a
non-linear LC circuit [3]:
A pure LC circuit corresponds to a harmonic quantum oscillator. This means
that all energy eigenvalues are equally spaced. In a harmonic oscillator, only
coherent states can be produced. This means that it is not possible to excite
one energy eigenstate without exciting the others.
Therefore, an anharmonic part is added by replacing the inductor L with

a SQUID (Superconducting Quantum Interference Device). This causes
the energy levels of the higher excited states to rise, making it possible to
neglect them because they will never be excited in the experiment. The
SQUID itself consists of two Josephson junctions connected in parallel. A
Josephson junction is at cryogenic temperatures a non-linear non-dissipative
inductor.
Putting the pieces together, one arrives at the schematic of the Transmon
qubit, depicted in Fig. 2.

2.2.1 Energy in a SQUID loop

A branch is the set of elements between two nodes in an electromagnetic cir-
cuit. The branch flux of a Josephson junction Φ(t) and the current through
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Figure 2: Circuit diagram of a transmon qubit. The two Josephson junctions
(square with cross inside) form a SQUID. The flux through it is controlled by
the external coil L. The SQUID and the capacitor CC form the transmon
qubit. The capacitor CJ accounts for the capacitive contribution of the
Josephson junctions. [5], [4]

it I(t) are given by [3]:

Φ(t) :=

∫ t

−∞
V (t′)dt′ (3)

I(t) = I0 sin

(
2πΦ(t)

Φ0

)
, (4)

where V (t) is the difference of electrical potential along the junction, Φ0 = h
2e

the flux quantum and I0 the critical current of the Josephson junctions. h
is the Planck constant and e the electrical elementary charge.

Using Equ. 3, Equ. 4 and the fact that the electromagnetic power per-
formed at time t′ is given by V (t′)I(t′), it can be shown that the energy
stored in the junction is given by the following formula:

E(t) =

∫ t

−∞
dt′V (t′)I(t′) =

∫ t

−∞

dΦ(t′)

dt′
I0 sin

(
2πΦ(t′)

Φ0

)
dt′

= −EJ cos

(
2πΦ(t)

Φ0

)
, (5)

where EJ := Φ0
2π I0 is the Josephson energy.

The Coulomb charging energy is the energy stored in the capacitor. It
is given by

ECΣ
:=

(2e)2

2CΣ
, (6)

where CΣ = CC +CJ is the total capacitance consisting of the contributions
of the capacitor CC and the capacitive part of the Josephson junctions CJ .
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The Hamiltonian of the SQUID device can now be written as follows [5]:

H = EC(n− Qr
2e

)2 + EJ cos(θ) (7)

In the above equation, n := q
2e is the number of charge carriers, Qr the

residual offset charge on the capacitor CC (see Fig. 2), φext the magnetic
flux caused by the external coil and θ is the phase difference between the
superconducting materials on both sides of the Josephson junctions. The
electric energy arising from the current through the Josephson junctions EI
is given by

EI = EI(Φext) = EI0

∣∣∣∣cos

(
2πΦext

Φ0

)∣∣∣∣ , (8)

where EI0 is the maximum energy that can be stored in the current through
the Josephson junctions and Φext is the external magnetic flux through the
junctions.
Finally, it can be shown that the frequency of a transmon qubit is propor-
tional to

√
8EIEC−EC and can therefore be tuned by adjusting the external

magnetic flux Φext [4].

2.3 Transmon qubit inside a cavity

To prevent the qubit from randomly radiating energy and decaying while
doing so, it is put inside a cavity.
A perfect empty cavity only allows certain electromagnetic modes in the
inside. However, the presence of a qubit changes these allowed modes. This
can be explained by considering the quantum mechanical framework: The
”allowed” modes of the mixed photon-qubit system are the eigenstates of the
Hamiltonian of the system. The latter one consists of three contributions:

1. Electromagnetic field:
From quantizing the electromagnetic field, one knows that the Hamil-
tonian of a photon with frequency ω0 is the one of a harmonic oscillator
with frequency ω0 [6]. Neglecting the energy of the vacuum, it is given
by

HEM = ~ω0a
†a.

Note that a† is the creation operator and a the annihilation operator
of the photon field.

2. Qubit:
The Hamiltonian of a 2-level-system can be written as

HQ =
1

2
~ωqσz,

where ωq is the frequency of the qubit.
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3. Coupling term:
Define the coupling constant g. It describes the strength of the cou-
pling between the cavity and the transmon qubit [5]. Applying the ro-
tating wave approximation, the Hamiltonian describing the coupling of
the electromagnetic field to the cavity can be written by the following
formula [5]:

Hcoupling = ~g(σ+a+ σ−a
†)

The resulting Hamiltonian is called the Jaynes-Cummings Hamiltonian (JC
Hamiltonian) [5]:

H =
1

2
~ωq(B)σz + ~ω0a

†a+ ~g(σ+a+ σ−a
†) (9)

The eigenvalues of the Jaynes-Cummings Hamiltonian can be calculated as
follows [7]:

E± = ~ω0 +
1

2
~
(

∆±
√

∆2 + 4g2
)
, (10)

where ∆(B) = ωq(B)−ω0 is the detuning parameter of the coupled system.
Equ. 10 holds only for the subspace that preserves the total energy of the
qubit-cavity system, {|g, 1〉 , |e, 0〉}, where 0, 1 denote the excited states of
the EM field (i. e., the number of photons in the cavity) and e, g the states of
the qubit. The term ~ω0 + 1

2~∆ = 1
2~ (ω0 + ωq(B)) is the total energy in the

system when there is no coupling between the qubit and the electromagnetic
field. One can see that at resonance (∆ = 0), the energy-eigenvalues are
shifted by 2g compared to the case without coupling.

2.4 Measurement of a transmon qubit

For small detuning |∆| ≈ 0 (i. e. resonance), the difference between both
energy eigenstates, E+−E−, is equal to 2g, see Fig. 3. It is therefore possible
to determine the value of the coupling constant g by measuring the splitting
between both eigenvalue curves. This method is called cavity spectroscopy:
Only one microwave generator is needed.
After that, so called two tone spectroscopy is performed. There, the cavity
is driven at resonance, but an additional microwave generator probes the
qubit. This generator performs a sweep in a region where the detuning is
large, |∆| >> 0. The resulting measured transmission curve of the cavity
is shifted in frequency (dispersive shift). Because the direction of this shift
depends on the qubit state, this can be used to determine the state of the
qubit.
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Figure 3: Splitting of the eigenvalues. ν is the transition frequency of the
qubit, Φ the external magnetic flux. The blue curve denotes the eigenfre-
quency of the cavity without the qubit. The green curve represents the
eigenfrequencies of the transmon qubit. Finally, the eigenfrequencies of the
coupled system are depicted as the red curves.
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3 Characterisation of the LMS103 MW generators

Figure 4: A Vaunix Lab Brick LMS 103 microwave generator.

The setup described in section 4 of this report uses two microwave gener-
ators. It is necessary to briefly summarize the properties of both of them in
order to follow the further development of the spectroscopy setup. The gen-
erators will be referred to by the corresponding serial number, i. e. SN2573
and SN2574.
A picture of a Lab Brick microwave generator is shown in Fig. 4.

3.1 Data sheet values

According to the data sheet [8], the values of the properties that are most
important for our needs are:

• Frequency range:
5 - 10 GHz, with a resolution of 100 Hz, a switching time of 100 µs
and an accuracy of ±2 PPM

• Power range:
-40 - +10 dBm

• External reference:
the usual 10 MHz BNC reference clock or a built-in clock

• Physical connectors:
SMA-female for the microwave output, BNC for the external reference
clock, USB for power and controlling it with a computer
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• Software control:
LabView library and GUI are available.

3.2 Measured values

3.2.1 Power output
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Figure 5: The power output of the used Lab Brick LMS103 microwave
generators vs. set values.

The power output of both generators is lower than the one in the speci-
fication. A detailed plot can be found in Fig. 5. The measured curve is still
linear. This means that the deviation from the specified power behaviour
is just an offset. This can be compensated by using amplifiers. Other than
that, there is no need for compensation.
The used microwave generators were used in the lab some years ago. Per-
haps they were mishandled (e. g. too much power was reflected back to the
outputs) and took damage. It is therefore not clear whether the offset is
inherent to the model Lab Brick LMS 103 or if just the examined devices
are broken.

3.2.2 Need for external reference

Measurements have shown that the internal clock of the Lab Bricks is not
precise. One of the plots for the SN2574 is depicted in Fig. 6. It compares
the power output of the microwave generator using its internal reference
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Figure 6: Power output of the Lab Brick SN2574 generator as a function of
the frequency. The frequency was fixed at 7.5 GHz (0 of the graph), while
the power output was set to -10 dBm (corresponds to physical power of
approximately -15 dBm) via the LabView interface.

clock to the output taken with an external 10 MHz Ru clock. The signal
using the internal clock is shifted in frequency by approximately 6 kHz com-
pared to the desired value. In the corresponding plots for the SN2573 (not
shown), the curves taken with internal and external references overlap, but
an external reference was nevertheless used during all other measurements
in order to guarantee proper operation.
Also note that the jitter in frequency, which can be read from the ”thickness”
of the curve, is the same for both the internal and external reference. There-
fore, the external reference only locks the signal to the correct frequency,
but does not affect the limits of frequency stability.

3.2.3 Heat up effects and phase stability

The phase shift of the generator with respect to the reference clock was
examined. The measurement setup is depicted in Fig. 7: A mixer subtracts
the frequencies of the two examined generators (both using the same 10 MHz
reference clock), which yields a 10 MHz signal. The phase of this signal is
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Figure 7: The measurement setup used to examine the phase properties of
the Lab Brick generators.
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Figure 8: Phase shift depending on time. The reason for this behaviour is
that the generator heats up.

then compared to the phase of the used reference clock.
The result is shown in Fig. 8. The phase shift increases clearly with time.
It was measured again after letting the Lab Brick run for 2 days. Then,
it was stable. It is thus legitimate to consider the curve in Fig. 8 as a
heat up effect. This agrees with the observation that the temperature of
the microwave generators is significantly higher than the temperature in the
lab.
The phase stability is depicted in Fig. 9. It is never lower than approximately
6.7 degrees. This might be a problem and will be discussed in more detail
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in section 4.3 and in appendix A.
For these effects, a setup was picked that is independent of the phase and
frequency stability of the microwave generator.
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Figure 9: Phase instability of the Lab Bricks, i. e. standard deviation of the
phase shift.
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4 Experimental Methods and Setup

The goal of this semester thesis is to measure a cavity-transmon system.
This is done by measuring the splitting of the two eigenenergies of the cou-
pled system consisting of a photon and the qubit. The splitting is depicted
in Fig. 3 (see section 2.4 for more details and discussion).
Spectroscopy is performed by sending microwaves through the cavity at cryo-
genic temperatures and measure the transmission spectrum. The measured
intensity can then be mapped to different colours. The region with highest
intensity should have approximately the same shape as the red curves in
Fig. 3.

4.1 Planned approach

The qubit is placed in a cavity and cooled down to cryogenic temperatures.
Its frequency will be tuned by controlling the magnetic flux using an ex-
ternal coil. Then Lab Brick devices will be used to generate a microwave
signal. The transmission spectrum is then digitised and stored on a regular
computer.
Microwaves are used because all available cavities are designed to work in
the microwave regime.
The transmission spectrum will depend on the qubit frequency and state
(see Equ. 10 and discussion). This comes from the fact that the coupling
between qubit and cavity leads to a splitting of the eigenergies of the system.
The energy levels are shifted depending on the state of the qubit.
The spectrum is recorded on a computer. Since the available cavity has a
frequency of 7 GHz, it is necessary to generate a signal in this regime. But at
the current state of technology, it is very hard and expensive to digitise a sig-
nal in the regime of approximately 7 GHz using a regular computer (clocked
at approximately 3 GHz). Therefore, mixers are used to downconvert the
signal to the MHz regime, which can be measured.

4.2 Usual setup

4.2.1 Coarse sketch of the idea

An external coil is used to tune the qubit transition frequency. For each
value of the magnetic field Φ, a frequency sweep is performed. For each of
these configurations, the transmitted intensity is measured.

4.2.2 Realisation of the frequency sweep

The signal to drive the cavity is generated by a Lab Brick microwave genera-
tor and sent through the cavity. Theoretically, the signal is only transmitted
if it hits one of the eigenfrequencies of the coupled system. But in practise,
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Figure 10: The usual spectroscopy setup. [9]

neither the cavity nor the qubit is perfect. Because of that, the transmitted
intensity follows a Loretzian, i. e. a resonance curve, centred around the
eigenfrequencies.
Because the transmitted signal has low intensity, amplifiers have to be used.
Each amplifier adds noise to the signal. In order to minimise this noise,
the first amplifier is placed inside the dilution refrigerator. Afterwards the
signal is carried outside out the dilution refrigerator. There it is filtered and
amplified again. Afterwards the signal must be down converted. The rea-
son for this is the following: The goal of this experiment is real time qubit
spectroscopy, so the signal has to be processed at short time scales. But
digitisation of a GHz signal cannot be done at the current stage of technol-
ogy without expensive oscilloscopes. In order to keep costs low, the signal
is down converted using a mixer. The low frequency signal is then digitized
by an FPGA-based Zurich Instruments UHFLI.
The UHFLI is also used to drive the qubit. Because the same device is used
both for measurement and driving, the Zurich Instruments generator is in
fact used as a lock-in amplifier. The advantage of this is that it allows to
realise Rabi oscillations and therefore manipulate the state of the qubit.
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4.3 Problems with the usual setup

The Lab Brick microwave generators cannot be used in the conventional
setting (described in section 4.2) because of the insufficient frequency reso-
lution of the Lab Brick generators:
A priori, there are two possible problems with the Lab Bricks: Phase fluctua-
tions and limits of frequency resolution. It can be shown (see appendix A for
detailed calculation) that the phase fluctuations do not represent an obstacle
to use the planned setup: The amplitude Ameasured = Ae−2σ2

is exponen-
tially suppressed compared to the amplitude without phase fluctuations A.
For the measured phase instability of approximately 7 degrees, the relative
amplitude compared to the ideal signal without phase fluctuations is given
by Ameasured

A ≈ 78.3 %. This can be compensated by using amplifiers. The
signal is phase shifted, but the shift is constant in time, ϕmeasured = const.
This means there are no distortion effects due to phase fluctuations.
The main problem is therefore the insufficient frequency resolution: A mea-
surement takes about 1 s of time to complete, which means that the fre-
quency resolution should be better than approximately 1 Hz in order to
avoid interference effects. But the Lab Bricks only offer resolution of ap-
proximately 100 Hz. This makes it impossible to downconvert the signal
from the cavity with a different device than the one used for the upconver-
sion: Due to the limited frequency resolution, fI 6= fI,UHFLI.
Because of these reasons it is not possible to use the conventional setup
with the Lab Brick generators. Instead, a new setup that is independent of
limited frequency resolution will be used.

4.4 New setup

In the new setup, one of the Lab Bricks is used for cavity spectroscopy, the
other one to drive the qubit directly.
The new setup for cavity spectroscopy is depicted in Fig. 11. The Lab Brick
microwave generator serves as local oscillator with frequency f0 (around
7 GHz) for both up and down conversion. The UHFLI MWG generates a
sine wave at fUHFLI = 250 MHz on output 1 and modulates it onto the
microwave signal. The lower side band with frequency f0 − fUHFLI is sup-
pressed: The cables at the I and Q connections of the up conversion mixer
are manually adjusted so that the phase shift between them leads to de-
structive interference. The resulting microwave is sent through the cavity.
The transmitted signal is down converted and sent to the UHFLI input 1.
There it is digitised and stored on a computer.

The signal for Rabi oscillations is generated by the UHFLI AWG at
300 MHz. It is emitted through output 2 of the Zurich Instruments UHFLI.
The other Lab Brick device is used to up convert the signal.
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Figure 11: New spectroscopy setup using Lab Brick microwave generators.
Notice that, in the up and down conversion, the lower side band with fre-
quency fI − fUHFLI is strongly suppressed.

Figure 12: New setup for generating Rabi oscillations using Lab Brick mi-
crowave generators.
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5 Results

5.1 Spectroscopy

(a) The measured curve from two-tone spectroscopy.

(b) The measured curve for cavity spectroscopy.

Figure 13: The measurement results.
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It was possible to successfully perform cavity spectroscopy. A measure-
ment is depicted in Fig. 13. The plots map the transmission intensity to
colours. The horizontal axis shows the current through the coil, which de-
termines the magnetic flux through the transmon qubit and therefore its
frequency. The vertical axis represents the frequency of the incoming elec-
tromagnetic waves, i. e. of the Lab Brick signal.
First, the transmission around the cavity resonance was measured. The de-
tuning for this measurement was small, |∆| ≈ 0. This procedure is called
cavity spectroscopy. The corresponding transmission spectrum is depicted in
Fig. 13b. One can see that the curves of the eigenvalues have their maximum
not for vanishing magnetic flux through the qubit: This effect is caused by
other magnetic fields in the lab and leads to an offset magnetic flux Φoffset.
Then, another measurement was performed. The cavity drive was set to
resonance frequency and another Lab Brick was used to drive the qubit at
large detuning, |∆| >> 0, close to its maximum frequency. Because two mi-
crowave generators are used independently, this method is called two-tone
spectroscopy. The result of this measurement is depicted in Fig. 13a.
Then, a pseudo-fit was performed using the measured data from both mea-
surements: The parameters of the theoretical curve were adjusted manually
until a good overlap with the measured values was reached. In Fig. 13a, 13b
the centre frequencies of Lorentzian fits against the measurement data are
depicted as red circles, while the eigenfrequencies of a coupled system with
adjusted parameters (from the pseudo fit) are drawn as orange circles.
The following four physical quantities were adjusted to make the theo-
retical values match the measured ones: The Josephson energy EJ , the
coupling constant g, the flux offset expressed in equivalent current Φoffset

and the period of the current through the external coil TI . Assuming that
EC = 292 MHz·h, the following values were obtained from the pseudo fit:
EJ = 32.03 GHz·h, g

2π = 99 MHz, Φoffset = 0.094 mA and TI = 1.154 mA.

5.2 Rabi oscillations and qubit lifetime

The attempt to manipulate the state of the qubit by realising Rabi oscilla-
tions has failed. The main cause of the problems can be further localised
by taking a look at the measurements of the qubit line width depicted in
Fig. 14. One can see that the magnitude of the line width is approximately
20 MHz. This is important because the line width is inversely proportional
to the lifetime of a qubit:

τqubit =
1

2π · linewidth
=

1

κ

It can be concluded that a line width in the regime of 20 MHz corresponds
to a qubit lifetime in the regime of 10 ns, which is very short. This explains
the difficulties in realising Rabi oscillations: The qubit does not live long
enough to be reliably manipulated.
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6 Conclusion and Outlook

This report has proven that it is possible to use Vaunix Lab Brick LMS103
microwave generators to perform qubit spectroscopy on a superconducting
transmon qubit. The importance of this result comes from the fact that
the overall price of a qubit has to be reduced in order to build multi-qubit
quantum computers. The usage of the relatively cheap Lab Brick generators
represents a further step towards economically feasible quantum computers.
There were also problems. The biggest caveat of using Lab Bricks to replace
more expensive microwave generators is their limited frequency resolution.
It was not possible to manipulate the state of the qubit due to time con-
straints and because the quality (the lifetime) of the used transmon qubit
was not good enough. The setup that was developed during this semester
thesis should theoretically be able to successfully realise Rabi oscillations,
given that a high quality transmon qubit is available. Further work should
be invested to obtain such a qubit. Afterwards, it should be possible to
empirically verify that the new setup is suitable to manipulate the state of
a qubit.

The long-time goal of this semester thesis was to reduce the costs to im-
plement a transmon qubit. The most expensive part of the whole measure-
ment setup is, however, the Zurich Instruments UHFLI. This multi-purpose
device is very versatile. But the fact that it can be used for various ap-
plications is also a big caveat: The UHFLI is very expensive. It could, in
principle, be replaced by an FPGA, an ASIC and/or software defined radio
device.
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A Influence of phase instability on the intermedi-
ate signal of a mixer

We want to quantify the influence of a phase difference between the signals
at the L and R inputs of a mixer in the signal at the I output:
The signals before the downconversion are:

SR(t) = AReiωRt = ARe
iΦR(t)

SL(t) = ALei(ωLt+δΦ(t)) = ALe
iΦL(t),

(11)

where AR, AL ∈ R.
After digital down conversion, the output signal looks as follows:

ID α Acos(ΦL − ΦR + δΦ(t))

QD α Asin(ΦL − ΦR + δΦ(t)),
(12)

where A := ARAL.
The measurement result is averaged k times, so the relevant signal becomes:

< AD >k=< ID >k +i < QD >k (13)

Assumptions:

• δΦ(t) = δΦk = const during the time of averaging, i. e. during one
acquisition

• The phase jitter follows a Gaussian distribution

ρ(ϕ) =
1√
2πσ

e
ϕ2

2σ2 ,

where a new notation was introduced: ϕ := δΦk. Also define θ := ΦL − ΦR.

Now we can calculate the expectation values for ID and QD:

< ID > =

∫ ∞
−∞

ID(ϕ)ρ(ϕ)dϕ

=

∫ ∞
−∞

Acos(θ + ϕ)
1√
2πσ

e−
ϕ2

2σ2

= ...

= Acos(θ)e−2σ2
(14)

Analogue, we arrive at:

< QD >= Asin(θ)e−2σ2
(15)

23



Now we can combine Equ. 14 and Equ. 15 to the following two end results:

Ā = |< AI >| =
√
< ID >2 +< QD >2 = Ae−2σ2

(16)

Φ̄ = arctan

(
< QD >

< ID >

)
= θ (17)
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