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Abstract — Qubit implementations like trapped ions can be
controlled by microwave signals in the gigahertz range, which
require a local oscillator (LO) for upconversion. The LO
superimposes a static frequency offset and phase noise, both
leading to errors in qubit gate operation. Both error terms can
be reduced by implementing the LO as an integer-N frequency
synthesizer, where a phase-locked loop controls and stabilizes
the frequency. An exemplary integer-N frequency synthesizer
is realized and its performance for quantum computers is
characterized in this work. The qubit fidelity calculated based on
phase noise measurement results is above 99.943% for primitive
π-gates.

Keywords — Fidelity, integer-N synthesizer, local oscillator
(LO), phase noise, quantum computer, synthesizer, trapped ion.

I. INTRODUCTION

Trapped ion qubits can be controlled by microwave
signals. Most qubit control signal generation systems produce
signals in the baseband or an intermediate frequency band
and upconvert them into the required radio frequency (RF)
band that accords with the qubit excitation frequency [1],
[2]. Following upconversion, the signal typically requires
amplification, where non-linearities can degrade fidelity if
not linearized [3]. Local oscillators (LOs) are essential for
the upconversion process, but introduce additional phase
noise and a static frequency offset. Trapped ion quantum
computers suffer strongly from both effects due to their
comparatively longer qubit sequence duration [4]. During
frequency conversion, the static frequency offset and phase
noise of the LO superimpose on the qubit excitation signal.
Static frequency offsets can be compensated by adjusting the
qubit excitation signal, but this requires calibration. Phase
noise causes dephasing between the excitation signal and qubit
phase, which results in decoherence. Because it cannot be
calibrated out, for LOs, phase noise is the primary contributor
to qubit gate infidelity. The effect of phase noise on the qubit
is frequency-dependent and can be expressed by an equivalent
filter transfer function [5]. Other non-idealities such as load
pulling or out-of-band spurs are considered negligible due to
the buffering architecture and the qubit’s frequency selectivity,
respectively.

The integer-N synthesizer implementation compensates
for both effects, the static frequency offset and phase noise
[6]. This implementation is based on a phase-locked loop,
which controls its output frequency. A frequency-N divider
allows using a reference frequency N times lower than the
required output frequency. Moreover, a commonly used LO
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Fig. 1. Representation of the qubit state |Ψ⟩ in the Bloch sphere as well as
the trajectories represent the state orbital of the excited (detuned) qubit.

implementation is the fractional-N synthesizer, that provides
finer frequency resolution by modulating N . However, this
modulation results in stronger phase noise and in-band
fractional spurs. For this reason, integer-N synthesizers are the
more suitable choice for quantum-computer signal generation.

This paper reports the implementation and analysis of
an integer-N synthesizer for a Ytterbium-based trapped-ion
quantum computer. The analysis is based on qubit gate fidelity
calculations from the measured phase-noise power spectral
density (PSD) for different qubit operations.

Section II introduces the basics of qubit operations and
the effects of static frequency offset and phase noise on
the qubit fidelity. Section III presents the implemented LO
and corresponding experimental results including theoretical
fidelity estimations. Section IV concludes the paper.

II. OSCILLATOR IMPACT ON QUBIT FIDELITY

Quantum computers consist of multiple qubits, where a
single qubit has the qubit state

|Ψ⟩ = α|0⟩+ β|1⟩, (1)
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where α and β are the complex-valued probability amplitudes,
which are normalized such that |α|2+|β|2 = 1. This qubit state
can be represented in the spherical coordinates Θ and φ of the
Bloch sphere, as shown in Fig. 1. Θ and φ can be manipulated
by a microwave signal whose frequency matches the excitation
frequency fe of the qubit. The signal amplitude A determines
the Rabi frequency ΩR ,i.e., the rotation rate along Θ, and its
phase ϕ corresponds to the qubit phase φ. Applying the signal
for a defined duration τon results in a particular rotation of the
qubit state that represents a single qubit quantum gate U . This
signal for a qubit gate U is expressed as

sRF = A · p(t) cos(2πfet+ ϕ), (2)

where p(t) denotes the pulse shape that limits the excitation
time by the pulse duration τ .

A deviation of any parameter in (2) results in an error of
the quantum gate Uideal [7]. The comparison to the resulting
quantum gate U defines the quantum gate fidelity

F = |Tr(UH
idealU)|2, (3)

where Tr(·) is the trace operator.
The deviations introduced by the LO are a static frequency

offset ∆f and phase noise ϕ̃(t). To incorporate these effects,
(2) is extended to

s̃RF = Ap(t) cos
(
2π[fe +∆f ]t+ ϕ+ ϕ̃(t)

)
. (4)

A constant frequency deviation of ∆f arises from
component tolerances in the LO circuit. This frequency
difference changes the trajectory of the qubit state during
excitation [7]. Fig. 1 depicts the trajectory of an ideal
2π-rotation in Θ with the normalized frequency offset
∆ω/ΩR = 0, ∆ω/ΩR = ±0.3, and ∆ω/ΩR = ±0.6,
with ∆ω = 2π∆f . The desired rotation around the x-axis tilts
towards the z-axis with increasing absolute frequency error.
Depending on the intended Θ-rotation, the deviation differs
which is captured by the fidelity expression [7]

F∆f = 1− 1

2
[1− cos(Θ)]

(
∆ω

ΩR

)2

. (5)

However, a static frequency offset can be corrected by
adjusting the control signal’s frequency, but this requires
calibration.

Furthermore, the LO introduces a random phase fluctuation
ϕ̃(t), that causes dephasing and, therefore, reduces the
coherence time. Phase noise is a stochastic effect, which is
quantified in the average fidelity [5]

Fϕ̃ =
1

2
(1 + e−X(τ)) (6)

with the error integral

X(τ) =
1

2π

∫ ∞

0

L(f0) · Fz(f0, τ) df0, (7)

where L(f0) indicates the single-sideband PSD of the phase
noise over the frequency carrier offset f0. Fz(f0, τ) denotes the
equivalent transfer function of the qubit, that depends on the
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Fig. 2. Pulse shapes and the corresponding qubit transfer functions for (a)
and (b) Ramsey, (c) and (d) spin-echo, (e) and (f) primitive, and (g) and (h)
DGC pulses.

pulse shape p(t) and its time duration τ . Note that Fz(f0, τ)
is not the Fourier transform of the pulse but a qubit-specific
sensitivity function that quantifies how phase noise at different
frequencies affects the accumulated phase error.

Qubit sequences are categorized into identity and driven
operations. Identity operations are sequences whose net effect
on the qubit corresponds to the identity operator, independent
of the internal pulse structure. Driven operations manipulate
the qubit state.

The Ramsey sequence [8] captures the coherent free
evolution of an undriven qubit during a defined idle time
τoff, depicted in Fig. 2(a). Fig. 2(b) shows the corresponding
transfer function.

The spin-echo sequence [9] includes a Θ-rotation of π after
a delay of τoff/2, see Fig. 2(c). A π/2-rotation before and
after this sequence completes this identity operation, but it is
not considered within the filter function. The π-rotation results
in a phase inversion which causes a stronger suppression of
lower-frequency phase noise. However, the reduced bandwidth
increases the magnitude of the frequency response compared
to the Ramsey pulse. The transfer function in Fig. 2(d) shows
these effects.

The primitive sequence is a constant excitation for the
time τon, as shown in Fig. 2(e). During excitation, phase noise
of the LO causes a deviation of the driven phase value and
therefore dephases the qubit. Fig. 2(f) shows the qubit transfer
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Fig. 3. Schematic overview of a integer-N synthesizer.

function.
The dynamically corrected gate (DCG) [10] is depicted

in Fig. 2(g). This pulse consists of three π-segments that
results in a relative rotation of π. Both the initial and the final
π-rotation are executed with a four-times stronger amplitude
compared to the primitive pulse for a duration of τon/4.
The middle pulse is twice as strong as the primitive pulse
for a τon/2 duration. Every segment of the trajectory has a
phase-inverted counterpart of equal duration. This results in
a stronger suppression of lower-frequency noise. Due to the
stronger Rabi frequency, the frequency response is increased
compared to the primitive pulse, as shown in Fig. 2(h).

For detailed mathematical description, the reader is referred
to [5].

Having established how LO impairments translate into gate
errors, we now address these issues within the LO architecture
itself. Both effects, the static frequency offset and phase noise,
depend on the quality of the used LO. An LO implementation
with reduced static frequency offset and phase noise is the
integer-N synthesizer, depicted in Fig. 3. A voltage-controlled
oscillator (VCO) is inserted in a phase-locked loop (PLL).
The phase detector (PD) compares the phases of the reference
and output signals and outputs a corresponding control signal.
This signal passes a lowpass loop filter, whose output voltage
controls the VCO. The output frequency is fed back to the
phase detector via a frequency-N divider. This division allows
generating an output frequency defined as

fLO = N · fref. (8)

The reference frequency fref can be provided by a quartz
oscillator (XO) [6]. However, the frequency offset and phase
noise are reduced but not fully suppressed. A static frequency
offset and the phase noise of the reference frequency fref
are multiplied by the factor N , which increases the static
frequency offset linearly and raises the phase-noise level by
20 log10(N). Furthermore, the phase noise is only suppressed
within the bandwidth of the loop filter; outside this bandwidth,
the VCO phase noise dominates.

III. EXPERIMENTAL RESULTS

This section presents the implemented integer-N
synthesizer and the corresponding phase noise measurements.
Based on the measurements, the expected quantum gate
fidelity for the introduced identity and driven qubit sequences
are calculated.

Power Supply Synthesizer

Loop Filter

PLL

Control Interface STA

VCORef. Port

Fig. 4. Photograph of an integer-N synthesizer.

A. Setup

Fig. 4 shows a photograph of the implemented integer-N
synthesizer. It consists of a control interface, that provides a
programmable connection and controls the system. A power
distribution network supplies the circuit with the required
voltages. A power amplifier (PA) (Analog Devices HMC907A)
together with a subsequent stepped attenuator (Analog Devices
ADRF5720) forms a stepped attenuated amplifier (STA)
which controls the output power level. The synthesizer is
implemented according to Fig. 3. It consists of a PD and a
frequency-N divider, which are included within the PLL chip
(Analog Devices ADF41510). The following loop filter has
a cutoff frequency of 123 kHz, which is a trade-off between
low-frequency phase noise and control bandwidth. The VCO
(Analog Devices HMC529) generates the output frequency
within a tuning range of 12.4 GHz to 13.4 GHz. An onboard
XO (Crystek CCHD-950), produces a reference frequency of
80 MHz.

The integer-N synthesizer is controlled over a serial
connection. A voltage source (Digimess PN300) supplies
the synthesizer with power. The device’s output signal is
measured with a spectrum analyzer (Rohde & Schwarz FSUP)
in phase-noise mode.

B. Phase Noise

Fig. 5 shows the measured phase noise of the synthesizer
for all accessible output frequencies. For low output-frequency
offsets, the reference frequency dominates. Above the loop
bandwidth, the phase noise is dictated by the VCO. A
plateau occurs the frequency range around 20 kHz where the
phase-noise domination shifts from the reference frequency to
the VCO.

Fig. 6(a) and (b) illustrate the calculated infidelities as
a function of the pulse duration for the identity and driven
operations, respectively. The infidelities are calculated using
(6) for pulse duration between 1 ns up to 1 ms. The curves
indicate the arithmetic mean value, and the shaded areas
illustrate the standard deviations over all generated frequencies.

The infidelity of the identity sequences increases for larger
delay times due to an increasing relevance of lower-frequency
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Fig. 5. PSD of the phase noise of the exemplary synthesizer for different
divider coefficients N .

phase-noise PSD. In the range of 10−6 s to 10−3 s, the
infidelity has a plateau, which is the region where the relevant
frequency of the qubit transfer function lies in the plateau
of the phase-noise PSD. The Ramsey sequence is beneficial
for duration times above 10−8 s because of its reduced filter
function peak value.

The primitive sequence has a reduced infidelity for duration
times above 10−7 s due to its lower peak value of the filter
transfer function, compared to the DGC sequence. The data
indicates a maximum value in the range of around 10−5 s.
The maximum occurs because the peak of the filter transfer
function overlaps with the plateau region of the phase-noise
PSD.

For the implemented LO, shorter sequence durations are
beneficial in terms of fidelity due to the reduced influence
of low-frequency phase noise. However, trapped-ion qubits
require duration times in the range of µs to ms, for which
fidelities above 99.965 and 99.943 can be maintained using
the Ramsey and primitive sequences, respectively.

IV. CONCLUSION

This paper discussed the influence of an integer-N
synthesizer on qubits and its dependence on the qubit
sequence. It is used to up-convert the qubit control signal
to the required RF frequency. A static frequency offset of
the LO causes detuning in the qubit trajectory, but may be
compensated by calibration. Phase noise results in dephasing
between the signal phase and the qubit phase. Calculations
considering the measured phase-noise PSD of an exemplary
integer-N synthesizer indicate that the Ramsey and primitive
qubit sequences have higher gate fidelity in the duration-time
range of ion traps. This results from the interaction of the filter
transfer function of the qubit with the measured phase-noise
PSD. The considered integer-N synthesizer maintains a fidelity
above 99.943% for primitive π-gates.
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Fig. 6. Infidelity of (a) identity operations and (b) driven operations over the
pulse duration.
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