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INSTRUMENTATION AND MEASUREMENT
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We report a design and implementation of a field-programmable-gate-arrays (FPGA) based hardware platform, which
is used to realize control and signal readout of trapped-ion-based multi-level quantum systems. This platform integrates
a four-channel 2.8 Gsps@14 bits arbitrary waveform generator, a 16-channel 1 Gsps@14 bits direct-digital-synthesis-
based radio-frequency generator, a 16-channel 8 ns resolution pulse generator, a 10-channel 16 bits digital-to-analog-
converter module, and a 2-channel proportion integration differentiation controller. The hardware platform can be applied
in the trapped-ion-based multi-level quantum systems, enabling quantum control of multi-level quantum system and high-
dimensional quantum simulation. The platform is scalable and more channels for control and signal readout can be imple-
mented by utilizing more parallel duplications of the hardware. The hardware platform also has a bright future to be applied

in scaled trapped-ion-based quantum systems.
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1. Introduction

[1-5]

The trapped-ion system has been recognized as

a potential platform for quantum simulation,[6-'!]
[16]

quan-

tum computing,'>"151 quantum networking,
17,18

quantum

I'and quantum logic clock, 2! contributed by
o, 12425]

sensing, !
the favorable properties such as long coherence tim
near-perfect state preparation and readout,”*>! and high-

(26,27

fidelity quantum logic gate operations. I The trapped-ion-

based two-level system have been used as a potential plat-
form for quantum computation and quantum simulation, !!=13]
whereas the multi-level quantum systems can provide a larger
capacity to store process information./?®! The quantum con-
trols for multi-level quantum system and high-dimensional
quantum simulation are new research fields of the trapped-
ions, [28-31]

In the experimental setup of the trapped-ion-based multi-
level quantum systems, direct-current (DC) electrodes and
global radio-frequency (RF) electrodes are used to generate
the electrical field to trap the ions.!!:3? Multi-channel digital-
to-analog-converter (DAC) based arbitrary waveform gener-
ators (AWGs)[*33# and direct-digital-synthesis-based (DDS)
RF generators'>>! are used to generate the electrical signals
for the electrodes.?®! The RF antenna, microwave (MW) an-
tenna and the acousto-optic modulator (AOM) are used to de-
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liver control signals from AWG channels or DDS RF chan-
nels to the ions for quantum state manipulation.!'*! Pulse

signals [35,37-40]

are commonly applied to trigger the control
signal generation channels, and to switch the control signals
before delivered to the ions.*!l On the other hand, a high
speed counter is employed to count the fluorescence pho-
tons output from the ion-based quantum systems, *?! and the
proportion integration differentiation (PID) controller is uti-
lized to lock the frequency of the laser transmitting through
the AOM.*}] Commercial off-the-shelf (COTS) devices have
been a practical solution to implement the hardware platforms

[44-48] whereas

for the trapped-ion-based quantum system,
COTS are costly and lack of flexibility, and cannot meet the
requirement of various experiments. Customized hardwares
have been developed for the two-level ion systems,**2] and
the specific requirements of the researchers can be achieved.
An AWG board with a 50 Msps sampling rate is reported
for fast ion transport and control operation pulse shaping, !
whereas the hardware is not suitable to generate flexible wave-
forms at hundreds of MHz frequency which can be delivered
to the antennas or AOMs.
tional laboratories also report an AWG-based coherent con-

The researchers at Sandia Na-

trol system with 2-tone signal generation and gate sequencer
for multi-qubit MS gate realization.”) A home-built hardware
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system M-Action3!?! is developed with 4-channel DDSs, 4-
channel DACs and PID modules, to generate complex wave-
forms for two-level trapped-ion-based experimental platforms.
However, the multi-level ion systems have more transitions
compared to two-level systems. Hence, the AWG for multi-
level systems needs to be designed to be capable of generat-
ing signals with multiple frequency signals, and more DDS
channels are also required. The study on the implementation
of the hardware platform for the multi-level ion systems will
be meaningful to the further development of the trapped-ion
quantum information.

This paper focuses on the technique of the control and
readout hardware which is the interface between quantum
systems and the classical systems. We present a hardware
platform which can be applied in the study of the trapped-
ion-based multi-level systems, and the platform is imple-
mented with reconfigurable field-programmable-gate-arrays
(FPGA) which can provide favorable flexibility for the exper-
imental studies. A multiple channel AWG, >33 DDS mod-
ules, pulse generators, >’ PID controllers and a high speed
counter3>3¥ are implemented on the platform. The AWG
channels can be configured to output mixed signals with four
different frequencies. The synchronous control signals genera-
tion and the output signal readout of the multi-level ion system
can be fully realized. Furthermore, the hardware platform is
scalable and can also be applied in the future studies of scaled
trapped-ion-based multi-level systems.

2. Architecture

The block diagram of the hardware platform for the
trapped-ion-based multi-level systems and the connections be-
tween the hardware and the trapped Be* ion system are
shown in Fig. 1. Four print-circuit-boards (PCB) are designed
to implement the hardware. Communications between the host
computer and the hardware are handled by a universal se-
rial bus (USB) microcontroller CY68013A. In order to meet
the requirements of the signal quality for long term experi-
ments which last several days, a 10 MHz atomic clock FS725
with a 5 x 107! monthly stability is integrated on the hard-
ware, and the temporal stability of the output control sig-
nals can be ensured. Oscillators which have similar long-
term stability can also be used to implement the hardware.
Each board utilizes a Xilinx FPGA as the central control and
data processing unit. The FPGA on the DDS board and the
PID board is kintex XC7K160TFFG676, whereas AWG board
uses virtex XC7VX485TFFG1761 and DAC board uses kin-
tex XC7K410TFFG900. The clock buffer Si53340 which has
a 50 fs root-mean-square (RMS) additive jitter is utilized to
receive the 10 MHz system clock, and to output clock signals
for each board. The phase-locked-loop (PLL) chip AD9518
is used to generate the high speed operating clocks for the
DAC, the analog-to-digital-converter (ADC), and the DDS

chips. The sixteen AD9910 DDS chips on the DDS board
have a 1 giga samples per second (Gsps) sampling rate and
a 14 bits amplitude resolution, whereas the performance pa-
rameter of the four AD9129 DAC chips on the AWG board is
2.8 Gsps@ 14 bits. The high amplitude resolution of the DDS
board and the AWG board is helpful to realize quantum gates
which has a fidelity exceeding 99.99% in the future studies.>>!
Ten DAC AD9726 chips, which has a 100 Msps sampling
rate and a 16 bits amplitude resolution, are located on the
DAC board to provide DC and low frequency control sig-
nals for the static electrodes in the trapped-ion systems.3%-36]
The DAC board has a 10 V output range, and the 16 bits
DAC can contribute a minimum output resolution of better
than 1 mV. Hence an ion position control precision of 10 nm
within a 200 um range can be achieved.’*! In order to real-
ize the quantum state initialization, the DDS chips are con-
figured to generate the 80—400 MHz RF frequency signals for
the antennas and the AOM in the ion systems to output corre-
sponding electromagnetic wave signals and laser signals.[!%]
The DDS channels are also used to output a 65 MHz sig-
nal for the outer RF electrode to control the position of the
trapped ions. > The AWG channels are used to output RF sig-
nals with mixed frequencies which can be utilized to achieve
quantum state manipulation for the ions. The PID board is
fabricated with two 200 Msps@16 bits ADCs LTC2107 and
a 200 Msps@16 bits DAC AD9783, and the laser frequency
and power can be stabilized by applying the PID function.
The DDS board is equipped with sixteen 8-ns resolution pulse
output channels which have a 3.3 V low-voltage-transistor-
transistor-logic (LVTTL) voltage level, and the pulse signals
can be used to modulate and switch the RF signals. The AWG
board also has eight 8 ns resolution pulse channels to output
trigger signals for additional boards when more signals gener-
ation channels are needed, in order to provide scalability for
the platform. The 8 ns time resolution contributes to an in-
fidelity of 0.00016% with a 10 us 7 pulse width according
to Ref. [53], hence the high fidelity quantum gate operation
can be achieved. Two digital input channels are integrated on
the DDS board, and the input digital signals are connected to
the high speed counter inside the FPGA chip, hence the out-
put photons from the experimental platform can be counted
and recorded by the hardware. The variable gain amplifier
(VGA) is used to amplify the output RF signals and the in-
put signals with configurable gains. The DAC board, the DDS
board and the AWG board operate simultaneously when ap-
plied to control the trapped-ion-based systems, whereas the
PID board is used to control the power and the frequency of
the laser systems. The FPGA chips are reconfigurable, hence
the platform can be re-programmed without hardware modi-
fication to meet the requirement of various experiments, and
favorable flexibility can be obtained. Table 1 shows the FPGA
resource occupation of the hardware platform. Lookup-tables
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(LUTs), flip flops and slices are basic FPGA resources which
can be programmed by the users. Digital-signal-processors
(DSPs) are internally integrated digital processing modules in-
side the FPGA. Block-random-access-memories (BRAM) are
integrated data storages inside the FPGA. Input and output
(I/0) ports of the FPGA can also be configured by customers,
and can provide signal transmission path for device control
and signal generation. All the operating clock frequencies of
the four boards are below 200 MHz, and the timing constrain
design can be automatically performed by the Xilinx software
Vivado.

The hardware has been applied in a three-level quantum
system (qutrit) implemented with a trapped “Be* ion in a Paul
trap.[!! In order to manipulate the qutrit, RF signals from the

AWG board are connected to the antenna which can deliver
the control signals for the qutrit. The DDS RF signals and
the DC signals are connected to the electrodes which are used
to trap the “Bet ion. The Be* ion is cooled, initialed and
readout by using 313 nm lasers. The power and frequency of
the laser system are stabilized by the PID board. The laser
pulse sequences are generated using acousto-optic modula-
tors (AOMs) controlled by RF pulse sequences from the DDS
board. A photo-multiplier tube (PMT) detector converts the
fluorescence into digital pulses, and the pulses are counted by
counters on the DDS board. The output digital signals from
the DDS board are used to switch the AOM and trigger the
AWG board.
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Fig. 1. Block diagram of the hardware platform and its connections with a trapped *Be™ ion system. Four print-circuit-boards are used to implement
the hardware: the DAC board, the DDS board, the AWG board, and the PID board.

Table 1. FPGA resource occupation of the reported boards.

Resourced AWG board DDS board PID board DAC board
Utilized Available Utilized Available Utilized Available Utilized Available
LUT 45712 303600 19240 101400 14381 101400 13913 254200
Flip-flop 79341 607200 27112 202800 24333 202800 17370 508400
Slice 23083 75900 9068 25350 6502 25350 5810 63550
DSP 1024 2800 30 600 317 600 30 1540
BRAM 190 1030 127.5 325 35 325 103.5 795
10 549 700 294 400 175 400 493 500

2The FPGA provides configurable digital resources, including lookup tables (LUTs), flip flops (FFs), slices, DSPs, BRAMs, and 10s.

The block diagrams of the pulse generator and the AWG
inside the FPGA chip are shown in Fig. 2. The pulse genera-
tor is designed with a time interpolating method according to
Ref. [56], and an 8 ns coarse time resolution and a 52 ps fine
delay adjustment resolution have been achieved. Figure 2(a)
shows that the programmed FPGA logic of the pulse genera-
tor receives the digital pulse data from the host computer via

the USB bus, and the data are pre-stored in the RAM mem-
ory inside the FPGA chip. The digital pulse data are cached
by a first-in-first-out (FIFO) memory, and the 39 bits coarse
data are received by a coarse counter which operates with a
125 MHz clock, and the 8 ns coarse time resolution pulse sig-
nals can be generated. The pulse signals can be further pro-
cessed by the OSERDES module and the ODELAY module to
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achieve a fine time delay with a 52 ps resolution. Figure 2(b)
shows the block diagram of the AWG, and the AWG can gen-
erate mixed sinusoidal signals with four different components.
The amplitude, the frequency and the phase information of the
AWG are also pre-store in the RAM inside the FPGA, cached
by the FIFO, and then managed by each processing engine.
The amplitude and the phase have a 12 bits resolution, and
the frequency has a 40 bits resolution. The AWG FPGA logic
operates with a 175 MHz clock whereas the sampling rate is
2.8 Gsps, hence 16 digital waveform calculation modules are
implemented for each signal components. The Digital wave-
form data rate are accelerated by the OSERDES module to

achieve a 2.8 Gsps @ 14 bits sampling performance, and finally
be converted to analog signals by AD9129. All the boards
of the hardware platform receive the operating clocks signals
from the same atomic clock, and the DDS board can output
pulse signals to trigger other boards. The delay time of the
trigger signals can be adjusted with a 52 ps resolution, there-
fore the different boards can operate with coordinated timing
by employing the fine resolution trigger signals. The duplica-
tion of the PCB boards can be parallel cascaded, and can be
precisely synchronized using the picoseconds resolution trig-
ger design. Hence, our hardware platform has a considerable
scalability.

(a)
5 USB
USB Bus <—> Module Pulse generator égarbsiés S bits
count] dat: Digital trigger
[ RAM FIFO Cache Counter Decoder K| OSERDES|——»|ODELAY2} | — & 188
logic output
Data 3 bits oserdes data T X
pm{}fiimg 5bits Odelay data
Arbitrary waveform generator
(b) S Transition channelx4
. USB D igital waveform calculationX16
USB Bus <—> module —
RAM H FIFO mplitude .
$ engine 12 bits Amplitude 12bits 14bits 14 bits
16Xf) X16x4  X16 X2
Data RAM H FIFO H Frequency 40 bits Fregency
processing cngme Wavef
o OSERDES{> AD9129 /= T=0

RAM H FIFO H Phase
engine

12 bits Phase

Fig. 2. Block diagram of the pulse generator (a) and AWG (b) implemented with the FPGA logic.

3. Characteristics

The hardware platform has been designed and fabricated,
and the photograph of the PCB boards is shown in Fig. 3.
The PCB board on the left is the 10-channel DAC board. The

AWG board

DDS board
~—

/Y
PID board

Fig. 3. Photograph of the hardware platform. The PCB board on the left
is the 10-channel DAC board. The 16-channel DDS board is located at
the center. The 4-channel AWG board and the PID board are on the
right side.

16-channel DDS board is located at the center. The 4-channel
AWG board and the PID board are on the right side. The hard-
ware platform has been tested and characterized, and the test
results are demonstrated as follows.

3.1. Spectrum performance

Lower noise DAC applied to electrodes for the ion-trap
contributes to a lower heating rate which is a critical metric
for quantum information processing. In order to demonstrate
the noise performance of the DAC, we measure the 0 V, +10'V,
and —10 V output spectrums with a Keysight N9030B spec-
trum analyzer. The test result is shown in Fig. 4(a), and the
averaged DAC noise density within 20 Hz to 1 MHz for 0 V,
+10 V, and —10 V outputs are 69.9 nV/v/Hz, 130 nV/v/Hz
and 131 nV/v/Hz, respectively. The low DAC noise ensures
the ion position control precision. The phase noise of the
DDS board and the AWG board is an important metric since
low phase noise contributes to high fidelity,’*! and the phase
noise is also recorded by the spectrum analyzer. Figure 4(b)
shows the phase noise curves of the 10 MHz reference clock
from FS725, as well as the phase noise of the 10 MHz and
the 100 MHz carriers from the DDS board. At 100 kHz fre-
quency offset, the measured phase noise of the 10 MHz clock
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is —129.0 dBc/Hz, and the phase noise of the 10 MHz carri-
ers from the single DDS channel is —128.6 dBc/Hz, whereas
the phase noise of the 100 MHz carriers is —124.2 dBc/Hz.
The phase noise of the AWG board is also measured and the
result is shown in Fig. 4(c). The phase noise of the 10 MHz
and the 100 MHz carriers of single AWG channel at 100 kHz

frequency offset are —128.6 dBc/Hz and —126.8 dBc/Hz, re-
spectively. Due to the difference of the architecture inside the
analog chip, the phase noise of the DDS board is worse than
that of the AWG. The DDS chips are applied for cost reasons
as their price is much lower than that of the high speed DAC
on the AWG board.

400 ML B LG B L B B B | 760 R B B B IR, B 760 MR B AL B B B, B
— (a) (b) DS output (c) WG output
N N — FS725 10 MHz clock < —FS725 10 MHz clock
@ DAC output Z —80f - 1 £ -80f ——10 MHz carrier
300f| — +10 V output spectrum 1 ~~ 10 MHz carrier = ’
; — —10 V output spectrum Q — 100 MHz carrier 3 —100 MHz carrier
o — 0 V output spectrum % 100 | % 1000 |
£ 200} 12 2
g 2 —120 1 8 -120} ]
FS 100 % %
3] I 1= _ 4 = _ - 1
% a —140 5 140
Ay
0 innnnl énnnnl PRI B .““"Ir. PETTT BT | _160 i sl |2| sauul 3. |nnn|4| aaauul r. e | 6. P . _160 PEEETTTT BRI BECERTTIT ST | r. sl
101 10% 103 10* 105 108 107 10t 102 102 10* 10° 10 10 101 102 103 104 105 108 107

Frequency (kHz)

Frequency (kHz)

Frequency (kHz)

Fig. 4. Spectrum results of the hardware platform. (a) Power spectrum of the DAC board when output 0 V, 410 V, and —10 V signals. (b) Phase

noise of the DDS board. (c¢) Phase noise of the AWG board.
3.2. Pulse signals

The output signals of the pulse channels are recorded
by a LeCroy WaveMaster 820Zi-B oscilloscope which has an
80 Gsps sampling rate and a 20 GHz bandwidth, and the os-
cillograms are shown in Fig. 5(a). The pulse channels can out-
put pulse signals with programmable pulse width which has
a nanosecond resolution. The time jitter which is determined
by the phase noise of the clock source as well as the circuit
noise, stands for the stability of the digital pulse signals. The
jitter performance of the pulse outputs is also measured us-
ing the oscilloscope. The time histograms of measuring time

intervals between two pulse channels are shown in Figs. 5(b)

(pulse channels from the same DDS board) and 5(c) (pulse
channels from DDS board and AWG board respectively). Fig-
ure 5(b) shows that the jitter of the digital output is 8.6 ps
which leads to a low infidelity of 1.82 x 10~!2, and the time
jitter in Fig. 5(c) is 24.4 ps corresponding to a infidelity of
5.16 x 10~!2. The reason why it has a negative mean value is
that the arrival time of the pulse signals from the second chan-
nel is earlier than that from the first channel, and a subtraction
is performed to calculate the time interval. The long tail of the
histogram is caused by the circuit noise and the clock noise,
and the maximum deviation is below 100 ps. Hence the per-
formance of the pulse channels can meet the requirements of
the trapped-ion based quantum experiments.

800

80 120 160 200 240 280 320 360
Time (ns)

Channel time intervals from (b
(a) the single board (b)

0
—425 —400 —375 —350 —325 —300
Time interval (ps)

Channel time intervals from (C)
two boards

600} Mean = —18.3 ps
STD =24.4 ps

4001

Counts

200}

9150 —100 -=50 O 50 100
Time interval (ps)

Fig. 5. Characteristics of the digital output channels. (a) Oscillogram of the pulse signals from pulse channels. (b) Histogram for measuring
time intervals from pulse channels on the same board. (c) Histogram for measuring time intervals from the pulse channels on the DDS board

and the AWG board.
3.3. PID feedback test

The PID board is employed to achieve the stabilization
for laser power and frequency. The long-term performance
of the power stabilization is demonstrated by a 100 seconds
acquisition of unlock-to-locked test. As shown in Fig. 6(a),
the standard deviations of unlocked and locked photodiode

(PD) output are 4.96 mVgryvs and 0.77 mVRgys, respectively.

Therefore, the infidelity of the quantum gate can be reduced
from 0.066% to 0.0016% by using the PID to control the laser
power. >3] The PID board is also applied to lock the frequency
of laser. In order to verify the long-term behavior, the fre-
quency error of the laser is acquired through a 200 seconds
test, with frequency unlock for 100 seconds and locked for

another 100 seconds, and the result is shown in Fig. 6(c). The
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standard deviations of unlocked and locked laser frequency are
5.86 MHzgrms and 0.46 MHzgrys, respectively. Hence, the in-
fidelity for quantum state detection can be reduced from 3.1%
to 0.0030% accordingly.!>’-8] Figures 6(b) and 6(d) show the

. 0.33 T T T
> (a) PID power lock
g 0.32 — 100 s ynlock-to-locked transition 1
<
S 0.31
>
2 0.30
=
° 0.29
a2
028 =20 0 20 10
Time (s)
15 - .
10l (c¢) PID frequency lock

— 200 s unlock-to-locked transition |

Relative frequency (MHz)

150

100
Time (s)

0 50 200

long-term Allan deviation measurement with a 2000 s integra-
tion time. After the PID is turned on for 0.01 s, the Allan
deviations of the laser power and frequency are below 10~*
and 10719, respectively.

% 102} (b) ' —o- Power of locked laser
o
s
=}
.2
E 104+ 4
5
o
E
< 1076 . — . .
104 102 100 102
Integration time (s)
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] -9 d 1
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Fig. 6. Test results of applying the PID board to control the power (a), (b) and the frequency (c), (d) of the laser systems. The power and the
frequency of the laser systems become more stable after the PID board is applied. (b) and (d) The Allan deviation measurement with a 2000 s

integration time.

4. Experimental test results

In order to demonstrate the performance of the hardware
platform when applied in the trapped-ion-based multi-level
quantum system, we applied the hardware platform to perform
the three-level experiments, and the PCB boards are located
on a retainer plate of the experimental platform. A *Be™ ion
with an ambient magnetic field at 119 Gauss from a pair of
Sm,Co;7 permanent magnets and magnetic field compensa-

tion coils, >

is used to realize the experiments. The ground
state energy levels can be labels as |F,mg) where F = {1,2} is
the total spin angular momentum, mp = {—F,—F +1,...,F}
is the projection of total spin angular momentum along the
quantization axis aligned with the magnetic field.!>®! Three
levels |[F =2, mp = 2),
represent the three-level quantum system (qutrit), labeled as

2,1) and |1,1) are employed to

{]0),]1),|2)}, with corresponding transition frequencies. At
the beginning of experiments, the ion is Doppler cooled!!!
using a series of laser pulses, followed by state initializa-
tion with optical pumping.!!! To determine the resonant fre-
quencies, the frequencies applied to microwave (MW) and
radio-frequency (RF) antennas are scanned and the fluores-
cence photons are counted, as detailed in Section 5. The re-
sult is shown in Fig. 7(a) and the resonant frequencies are
102.616(1) MHz, 1018.052(2) MHz, 1120.9127(6) MHz, re-
spectively. By scanning the pulse duration at resonant fre-
quency with full power, the Rabi oscillations are acquired in
Fig. 7(b) which indicates the resonant w-pulse durations of

transitions |0) <> |1), |0) <> |2), |1) <> |2) are 12.01(10) ps,
16.20(14) ps, 20.31(20) us, respectively.

As the coherence time is critical to characterize the per-
formance of the quantum information processing,!*!! the ap-
plied operation is Ramsey experiment in which the qutrit
firstly is prepared in (|0) +|1) +12))/+/3,10% evolving with
varied Ramsey intervals without protection and mapped to
|0) state by applying readout pulses. As shown in Fig. 7(c),
1.46(9) ms coherence time is acquired with a Gaussian de-
cay. After applying four repetitions of the multilevel dynam-
ical decoupling (MLDD)!6%61] sequence, the coherence time
is extended to 18.7(23) ms according to the result in Fig. 7(d).
To characterize the operation fidelity, randomized benchmark-
ing method!®?! is applied, and according to the results shown
in Fig. 7(e), the average gate fidelities of the three transitions
[0) <> |1), |0) <= |2), |1) <> |2) are 99.95(2)%, 99.8(1)% and
99.5(3)%, respectively. As the fidelity becomes worse than
0.8, the dots on the red line and the blue line stop when the
number of gates is greater than 100. The operation fideli-
ties are sufficient for most quantum simulations,[®3 and the
fidelity can be at least 90% for 20 gates. The infidelity con-
tributed by noise from the hardware is much lower than that
from the experimental platform itself, and the infidelity con-
tribution from the hardware circuits can be ignored. Hence,
the hardware platform is suitable to be applied to perform high
fidelity trapped-ion-based multi-level quantum experiments.
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Fig. 7. Characteristics of the three-level quantum system (qutrit) consisted of |F = 2, mp = 2), |2,1) and |1,1) of the ground states of *Be*. (a) Ion
fluorescence collected by PMT while scanning the frequency, the dip indicates the resonant frequency. (b) Rabi oscillations of qutrit transitions.
(c) Ramsey experiment without protection for coherence time T," measurement. (d) Ramsey experiment with MLDD-4 protection for coherence time

MLDD—4
T2

5. Discussion
5.1. DAC output signals

The DACs generate DC or sequence signals to control the
spatial position of ions. The static DC voltages are applied for
ion loading and can be finely tuned for micro-motion compen-
sation. The DACs can also operate at 100 Msps sample rate
to generate sequence signals with a 10 ns temporal resolution
which is much lower than the ions’ motional period (typically
300 ns—1000 ns). Hence, the ion’s fast transport can be real-
ized at a time scale of dozens of microseconds, whereas the

adiabatic transport costs hundreds of microseconds. [+°]

5.2. Numbers of DDS channels and AWG channels

The DDS channels and the AWG channels are applied to
generate control signals which are delivered to the RF elec-
trode potential, the antennas and the AOM drivers in the laser
system. In order to realize the ion confinement and optical ini-
tialization for the three-level Be™ trapped-ion platform, one
DDS channel is assigned to the RF electrode potential, and ten
DDS channels are required to control the AOM drivers for the
lasers. On the other hand, three AWG channels are applied
to one RF antenna and one MW antenna to realize three-level
quantum logic gate in form of RF/MW transitions. Similar
channel assignment can be applied for other ion species, such
as *Ca*, 7'Yb™*, etc. The required numbers of DDS chan-
nels and AWG channels will increase once mixed-species ions

or scaled multi-level ions are applied.

measurement. (e) The randomized benchmarking result of the 3 transitions.

5.3. Digital input channels

The digital input channels which are integrated on the
DDS board are implemented with FPGA-based triggered
counters which has an 8 ns time resolution, hence the elec-
trical pulses output from the experimental platform can be
recorded. Digital input channels can also be used as exter-
nal trigger ports. The trigger-to-output latencies for the AWG
board, the DDS board, and the DAC board are measured to be
50 ns, 100 ns, and 650 ns, respectively. The latencies are much
lower than the coherence time of the ions, hence the hardware
platform also has the potential to be further applied to realize
the close-loop feedback control for the ions. The FPGA chip
on the DDS board can be programmed to manage the feed-
back operations, and the feedback information can be shared
with other boards via the digital output channels.

5.4. Comparison with other studies

The comparison between this work and the hardware de-
signs for tapped-ion based two-level systems is shown in Ta-
ble 2. A 50 Msps sampling rate AWG is reported for fast ion
transport through applying the voltages to trap electrodes. ]
In order to realize the multi-qubit coherent control, an 8-
channel 819.2 Msps AWG with a 14 bits vertical resolution
is implemented with a Xilinx rf system-on-chip (RFSoC). !
A home-built hardware system for mixed-species ion qubits
is reported in Ref. [52], and DDS boards, DAC boards and
PID boards are implemented. As the coherent control is based

on DDS chips which is suitable for single frequency gener-
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ation whereas such solution lacks flexibility, the AWG mod-
ules are required to generate user-defined waveform for multi-
level trapped-ion based quantum systems. On the other hand,
the COTS ARTIQ platform*+8! can achieve similar perfor-
mance, whereas our design has a stronger power in multi-
frequency signal generation which is meaningful to the study
of ion qudit. The hardware platform QICK®* which is de-
signed for superconducting quantum systems has overlaps

with the hardware for ion-based system, whereas the DDS
channels and the PID designs are not included. In this paper,
the reported hardware platform which is composed of the DDS
board, the AWG board, the DAC board and the PID board
can provide more signal generation channels compared to the
hardware for the two-level ion systems. The platform is re-
configurable, and the control for the multi-level trapped ion
quantum system can be fully managed.

Table 2. Performance comparison with related hardware.

Parameter and application This work

NIST AWG!*!  Sandia Octet!>']

M-Action? ARTIQ[#+481 QICK 0%

Application field Multi-level 9Be™ ion Multi-qubit Mixed-species ion  Atomic physics  Superconducting qubit
9Be™ ion T'Yb* ion
DDS channels 16 / / 4 4 /
DDS sample rate 1 Gsps / / 1 Gsps 1 Gsps /
Vertical resolution 14 bits / / 14 bits 14 bits /
Temporal resolution 8 ns / / 8 ns 1 ns /
AWG channels 4 / 8 / 4 8
AWG sample rate 2.8 Gsps / 819.2 Msps / 1.25 Gsps 6.144 Gsps
Vertical resolution 14 bits / 14 bits / 16 bits 14 bits
Multi-frequency design 4-tone@2.8 Gsps  / 2-tone @ / 5-tone@25 Msps /
819.2 Msps
DAC channels 10 3 / 4 32 8
Voltage range +10V +I10V / +10V +I10V +I10V
DAC sample rate 100 Msps 50 Msps / 400 Msps (8x) 1 Msps /
Vertical resolution 16 bits 16 bits / 16 bits 16 bits 20 bits
DAC output noise 69.9 nV/v/Hz 120nV/vVHz 63 nV/v/Hz 210 nV//Hz 7.8 nV/\/Hz
@20 Hz ~ 1 MHz @] ~ 3 MHz @50kHz 1/f noise knee at 4 Hz
PID sample rate 200 Msps / / 96 Msps 2 Msps /
PID input/output 16/16 bits / / 10/14 bits 16/16 bits /

resolution

6. Conclusion

We report the design and implementation of a high per-
formance hardware platform for the trapped-ion-based multi-
level systems. A 10-channel DAC board, a 16-channel DDS
board, a 4-channel AWG board and a PID board are fabricated
to realize the platform. The characteristics of the hardware
platform have been tested, and the performance has been con-
firmed by the experimental results on a three-level quantum
system using a trapped Be* ion. The hardware platform is
scalable and is also promising for the applications of scaled
trapped-ion-based multi-level systems.
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