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One of the most formidable challenges of scaling up quantum computers is that of control-signal deliv-
ery. Today’s small-scale quantum computers typically connect each qubit to one or more separate external
signal sources. This approach is not scalable due to the input/output (I/O) limitations of the qubit chip,
necessitating the integration of control electronics. However, it is no small feat to shrink control electron-
ics into a small package that is compatible with qubit-chip fabrication and operational constraints without
sacrificing performance. This so-called “wiring challenge” is likely to impact the development of more
powerful quantum computers even in the near term. In this paper, we address the wiring challenge of
trapped-ion quantum computers. We describe a control architecture called WISE (Wiring using Integrated
Switching Electronics), which significantly reduces the I/O requirements of ion-trap quantum computing
chips without compromising performance. Our method relies on judiciously integrating simple switching
electronics into the ion-trap chip—in a way that is compatible with its fabrication and operation con-
straints—while the complex electronics remain external. To demonstrate its power, we describe how the
WISE architecture can be used to operate a fully connected 1000-qubit trapped-ion quantum computer
using approximately 200 signal sources at a speed of approximately 402600 quantum gate layers per

second.
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I. INTRODUCTION

Trapped-ion qubits are one of the most promising
approaches to quantum computing, especially in the moisy
intermediate-scale quantum (NISQ) era [1,2]. One of their
main superpowers is ion transport, i.e., the ability to phys-
ically move ions in space [3]. This enables two powerful
features:

(1) Qubit reconfiguration. lon transport allows for flex-
ible qubit routing—i.e., changing which qubit is
coupled to which other qubits—without relying on
error-prone multiqubit gates [4]. This allows for
effective all-to-all connectivity even in a system
composed of many uncoupled qubit registers.

(2) Transport-assisted gates. lon transport allows for
local control of quantum operation Rabi frequency

* . .
mm(@oxionics.com

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license. Fur-
ther distribution of this work must maintain attribution to the
author(s) and the published article’s title, journal citation, and
DOL

2691-3399/23/4(4)/040313(21)

040313-1

even when the qubit drive operates at a fixed ampli-
tude. This method can be employed with both laser
and microwave qubit drives—as long as they are
spatially inhomogeneous—and has been used in,
e.g., Refs. [5-8].

Qubit reconfiguration is the basis of the quantum
charge-coupled device (QCCD) architecture [9,10], which
is one of the most promising approaches to trapped-
ion quantum computing. The effective all-to-all connec-
tivity—when combined with excellent coherence times
[11-13]—is one of the reasons why trapped-ion sys-
tems achieve such high quantum volumes compared to
other platforms [14]. On the other hand, quantum gates
in today’s QCCD systems are typically implemented by
delivering localized externally modulated qubit drives
(e.g., laser beams) to individual trap regions. Ion trans-
port is only leveraged in a limited way, e.g., to move
an ion away from a laser beam to switch off the interac-
tion. However, as systems grow and off-chip local drive
modulation becomes impractical, transport-assisted gates
become a powerful tool, as they allow for local con-
trol with only a small number of global qubit drives. In
other words, transport-assisted gates reduce the problem of
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implementing quantum gates at scale to the problem of ion
transport at scale.

However, the ability to execute ion transport in large-
scale systems is hindered by the wiring challenge. Fast
low-heating ion transport requires precise dynamical con-
trol of voltages on many electrodes [15,16]. For example,
QCCD architecture demonstrations from Pino et al. [17]
and Kaushal et al. [18] have both used about ten electrodes
per qubit [19], each wired to a separate DAC outside of
the vacuum system (see Fig. 1). This “standard approach”
is likely not scalable even to moderate system sizes. For
example, a 1000-qubit chip would require approximately
10 000 input lines—more than today’s cutting-edge CPUs
and at a bleeding edge of packaging feasibility. And while
electrode cowiring, i.e., permanently connecting multiple
electrodes to the same voltage source, has been proposed
[20,21] and used [22,23] to reduce the number of inputs
per electrode, existing cowiring approaches only allow for
limited functionality, such as qubit storage or shuttling
between remote zones.

One previously proposed solution to the wiring chal-
lenge is to form an integrated “quantum processing unit”
(QPU), which combines an ion-trap chip with the DACs.
The integration could be either monolithic [24] or achieved
by packaging together several independently fabricated
chips [25]. However, DAC integration comes with major
challenges:

(1) Power dissipation. For example, Stuart et al. [24]
have developed compact cryogenic (4 K) DACs
with a power consumption of approximately 30 mW
per channel, or approximately 300 W for 1000
qubits. While this can be optimized, DAC power
dissipation presents a significant challenge, espe-
cially in cryogenic environments, which are bene-
ficial for reducing noise in trapped-ion systems.

(2) Data bandwidth. Fully flexible DAC control
requires streaming large volumes of data to the
QPU, typically approximately 50 Mbit/s per DAC
[18,26]. For a 1000-qubit QPU, this corresponds to
approximately 500 Gbit/s of data flow between the

Controller ~10N DACs

g ~ 500N Mbit/s I%

~ 10N lines

FIG. 1.

DAC and the control system. Designing an appro-
priate interface would not be trivial and in practice
might require integration of further digital electron-
ics, e.g., to store the waveforms [27]. This increases
the complexity of QPU design and fabrication and
may limit the flexibility of operations.

(3) Footprint. An integrated filtered DAC will typ-
ically require a much larger chip area than the
electrode itself. For example, a single 1-nF planar
filter capacitor would use an area of approximately
500 pm x 500 pm in a standard CMOS process
[28]. The DAC block itself may also require consid-
erable space—e.g., 130 pm x 270 wm in Ref. [24].
Developing low-noise voltage sources with areas
comparable to ion-trap electrodes (approximately
100 wm x 100 wm or less) is thus a challenge in
itself and might require advanced techniques such
as wafer stacking and trench capacitors [29-31].

Because of the problems highlighted above, current
approaches are insufficient to address the wiring challenge,
even for intermediate-scale QPUs with approximately
1000 qubits.

In this paper, we present an architecture called WISE
(Wiring using Integrated Switching Electronics), which
addresses the challenge of wiring such intermediate-scale
trapped-ion quantum computers. Our method relies on
simple integrated electronics that entail minimal power
dissipation, low data bandwidth, and small footprint, alle-
viating all the major challenges of DAC integration. In
WISE, all complex high-footprint high-power electronics
are placed off chip, allowing for large-scale control without
compromising performance.

The paper is structured as follows. In Sec. II, we
give an overview of the electrode wiring architecture and
ion-transport methods. We then describe how WISE can
perform all the key operations of a large-scale QCCD
architecture: arbitrary qubit reconfiguration (Sec. III) and
transport-assisted gates (Sec. 1V). Subsequently, in Sec.
V, we discuss the hardware implementation in more
detail, demonstrating that WISE is indeed compatible with

N-qubit ion trap
~ 10N filters

F
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An illustration of the standard approach to the electrical wiring of trapped-ion quantum computers. Qubit transport in an N-

qubit ion trap is achieved by using approximately 10N electrodes. Each electrode is wired through an individual filter to an individual
DAC. The DAC output waveforms are set through a digital interface, with typical data flow rates of approximately 50 Mbit/s per

DAC.
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ion-trap fabrication and operation constraints. Finally, we
combine all those insights in Sec. VI, and describe how to
build a 1000-qubit trapped-ion quantum computer capa-
ble of running arbitrary quantum circuits with all-to-all
connectivity but using only approximately 200 input lines.

I1. WISE METHOD

In a QCCD device, ion positions are controlled by volt-
ages applied to trap electrodes. These electrodes serve two
different purposes. The first is dynamic: to deliver time-
varying waveforms which execute the desired transport
primitives, such as shuttling [32,33], merging, splitting
[34,35], or crystal rotations [36]. The second is qua-
sistatic: to compensate stray electric fields generated by,
e.g., local charges and differences in work functions [37,
38]. In WISE, each electrode is explicitly assigned to be
either dynamic or quasistatic [39,40]. We then employ two
techniques:

(1) Dynamic electrode parallelization. Dynamic elec-
trodes are cowired to a fixed number of DACs,
assigned through integrated switches.

(2) Quasistatic electrode demultiplexing. Quasistatic
“shim” electrodes are controlled through a small
number of DACs through integrated demultiplexers
in a “sample-and-hold” fashion.

In WISE, instead of DAC integration, we primarily use
switch integration. Unlike DACs, switches require very
small data input rates and can be operated with negligible
power dissipation. Furthermore, they are relatively sim-
ple structures, made of a small number of transistors and
inverters. Thus, they can be readily integrated into an ion-
trap fabrication process [24] and have been demonstrated
to be cryogenically compatible, also in the context of quan-
tum computing [41,42]. The resulting high-level wiring
architecture is shown in Fig. 2.

A. Dynamic electrode parallelization

Consider an ion trap composed of multiple identical
zones, each holding the same number of qubits. The main
observation behind dynamic electrode parallelization is
that, as long as the zone-to-zone electric field crosstalk
is sufficiently small, the same transport operation can
be executed in multiple areas of the chip at the same
time by applying the same voltage waveforms to multiple
electrodes. Furthermore, instead of permanently cowiring
electrodes, a switch network can be used to dynamically
select which voltage waveform is applied to which elec-
trode. Thus, for example, parallel splits can be executed
by connecting one set of DACs, delivering one set of split
waveforms, to all the zones where we want to implement a
split, and disconnecting it from all the zones where we do
not want to implement a split.

Due to dynamic electrode parallelization, instead of
using one DAC per electrode, it suffices to use one
DAC per waveform. Furthermore—as we argue in Sec.
I1I E—while it might be optimal to execute different trans-
port operations in different zones at the same time (e.g., a
split in some zones and a merge in some other zones), it
is nonetheless efficient to only perform only one transport
operation at any given time (e.g., a split in some zones,
followed by a merge in some other zones). Due to those
insights, a modest number of DACs suffices to execute
arbitrary transport sequences.

Figure 2 (top row) illustrates the dynamic electrode
wiring that leverages those insights. Outside the QPU, a
fixed number of DACs are used to output qubit trans-
port waveforms, while in the QPU, switches are used to
select which electrode connects to which DAC. In sub-
sequent sections, we show how dynamic electrode par-
allelization allows for efficient qubit reconfiguration in
one-dimensional (1D) and two-dimensional (2D) ion traps
(Sec. III) and why approximately 100 DACs suffice for
the purpose, regardless of qubit number N. In Sec. IV A,
we discuss how dynamic electrode parallelization can be
used to perform transport-assisted quantum gates. Finally,
Sec. V A describes the hardware implementation of the
dynamic electrode switch network.

B. Quasistatic electrode demultiplexing

In WISE, all electrodes that are not dynamic are qua-
sistatic, meaning that they are held at a constant voltage
during any given qubit reconfiguration and during any
given quantum gate [43]. The main insight is that holding
a fixed voltage on electrodes can be less resource inten-
sive than applying time-dependent waveforms, because
electrodes can maintain their set voltage even while dis-
connected from DACs. Thus, a single DAC can be demul-
tiplexed to control multiple electrodes. In this mode of
operation, the DAC output is connected to shim elec-
trodes one by one, charging them to the necessary voltage
before disconnecting. While the DAC is disconnected, the
electrode is connected to ground through an integrated
capacitor, which holds the dc voltage while acting as an
rf shunt [24].

Since quantum gates and transport operations are very
sensitive to electric field noise [44,45], multiplexer oper-
ation can lead to additional errors, especially if the
multiplexing frequency or the switching frequency is
near the motional frequency of the ions (approximately
1-10 MHz). To alleviate that source of noise, we operate in
a “sample-and-hold” fashion, where all the electrodes are
charged first, and the sensitive operations are performed
with the multiplexer turned off.

Figure 2 (bottom row) illustrates the shim electrode
wiring in the WISE architecture. Outside the QPU, a small
number of DACs cycle through shim-voltage set points,
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FIG. 2. A high-level illustration of the WISE architecture. We form a quantum processing unit (QPU) by combining an ion trap with
a switch-demultiplexing network. In this way, all the high-density input/output (I/O) is confined to the QPU and the interface between
the QPU and the outside world requires significantly fewer connections. We divide ion-trap electrodes into dynamic ones (green,
approximately ten dynamic electrodes per qubits) and quasistatic ones, i.e., “shims” (blue, approximately ten shim electrodes per
qubit). The dynamic electrodes are controlled by approximately 100 DACs, regardless of the system size, due to an integrated switch
network. The number of shim DACs is reduced from one DAC per electrode in the standard approach to one DAC per approximately
100 electrodes in our approach, due to an integrated demultiplexing network. The high-speed digital interface is only required between
the controllers and the DACs, while digital communication between the QPU and the controllers requires only small signal bandwidth

and can be done serially.

while in the QPU, demultiplexers are used to connect
the DACs to on-chip capacitors and electrodes. In subse-
quent sections, we describe the role of shim electrodes in
qubit reconfiguration (Sec. Il F) and in transport-assisted
gates Sec. IV B. Finally, Sec. V B describes the hardware
implementation of the shim-demultiplexing network, and
motivates the choice of approximately 100 shim electrodes
per DAC.

I1I. QUBIT RECONFIGURATION

In this section, we show how dynamic electrode par-
allelization can be used for arbitrary and efficient recon-
figuration in the QCCD architecture. This is structured
as follows. First, we describe how to perform a “switch-
able swap” of two qubits in a linear (1D) array. Second,
we show how to use switchable swaps to perform arbi-
trary reconfiguration of N qubits in a linear array. Third,
we extend the method to construct arbitrary reconfigura-
tion of N = m x n qubits in a regular 2D array, where
every qubit can be swapped with any of its four neighbors
(i.e., one qubit per junction). Fourth, we extend the con-
struction to a realistic N-qubit QCCD device, consisting
of two-qubit chains held in a 2D array with £ qubits per
junction. Finally, we argue that the method is practical by
calculating the expected run time and error rate of a
worst-case reconfiguration.

A. Switchable swap

A switchable swap refers to a procedure where two
neighboring qubits are physically swapped conditioned on
the settings of on-chip switches.

Consider two qubits (1,2) held in separate linear zones
(1,2), as illustrated in Fig. 3(a). Each zone contains
Nge1,~10 dynamic electrodes. We implement a switch-
able swap as follows. If switches (s1,s,) are set to (1, 1),
we connect the dynamic electrodes in both zones to 2 x
Ngey1~20 DACs, which play waveforms that result in
a “swap sequence,” such as shown in Fig. 3(b), which
reorders the qubits. On the other hand, if the switches are
set to (0,0), we connect the electrodes to 2 x Nge/1,~20
DACs, which execute a “stay-still” sequence, keeping
the qubits in place. This allows the implementation of a
switchable swap using 4 x Nge/1,~40 DACs [46] and 2 bits
of information [47].

B. 1D reconfiguration

We now enlarge the processor to be a linear repeating
array with zones i = 1,2,...,N, as illustrated in Fig. 4.
Every second zone is connected to the same fixed set
of DACs; i.e., if s; = s;12, then every dynamic electrode
in zone i + 2 executes the same waveform as the corre-
sponding dynamic electrode in zone i. Thus, by playing
the same waveforms as in Sec. III A and sending an N-bit
word s = (s1, 52, . ..,Sn) to the QPU, we can implement a
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FIG. 3. (a) Basic switchable swaps. Two qubits (red) are

placed in neighboring linear zones (1,2), shown in green and
orange, respectively. Each zone contains Nge,~10 dynamic
electrodes (the figure shows Ny./1, = 6 for simplicity), as well
as rf and shim electrodes (not shown). When switches s; and s,
are set to (sy,s2) = (1, 1), the zones are “active” and the qubits
undergo a swap. If, however, (s1,s;) = (0,0), the zones are
“inactive” (drawn as partially transparent) and the qubits remain
in their original locations. (b) The 1D swap sequence. Two qubits
(red) in neighboring linear zones are swapped by bringing them
together (shuttling) and merging their potential wells, followed
by a crystal rotation, well split, and a shuttle step. At each step,
the potential experienced by each ion is the net potential of all
neighboring dynamic, shim, and rf electrodes.

switchable swap of qubits (i,i + 1) for every odd i in par-
allel. We call this step an “odd swap.” Similarly, an “even
swap”—a switchable swap of qubits (7,i + 1) for every
even i in parallel—can be accomplished by playing a dif-
ferent “swap waveform” and sending another N-bit word
s. The implementation of an arbitrary odd or even swap in
a N-qubit array requires 4 X Nge/1,~40 DACs, the same as
a switchable swap, and N bits of information.

s=(11001111)

Lol [ lo och oo o
~_ 7 ~_ 7 ~_ 7

FIG. 4. Anodd swap in a linear 1D array of N = 8 qubits with
Ngey1z = 6 dynamic electrodes per zone. In this example, the bit-
select word is s = (1,1,0,0,1,1,1, 1). Thus, zones 1, 2, 5, 6, 7,
and 8 are active (their qubits undergo swaps), while zones 3 and
4 remain inactive (their qubits remain stationary). In addition to
dynamic electrodes (shown in green and orange for odd and even
zones, respectively), rf electrodes are shown in white and shim
electrodes in blue.
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FIG. 5. (a) The 2D qubit-swap sequence. Two qubits in neigh-

boring junctions can be swapped without crystal rotations as a
sequence of three shuttling steps. (b) The 2D qubit swap. Dur-
ing a 2D swap, zone (i,j) is active (solid color) if and only if
s;; = 1, in which case its qubit undergoes a swap operation. In
the above image, the ion trap is a regular 4 x 4 array and the bit-
select word s = (s1,1,812,.--,521--.,844) has length 16. This
particular swap step is an odd vertical swap, i.e., zones (i,j)
and (i,j + 1) undergo a swap if and only if i +; is even and
(Si,/,Si,/+l) =(1,1).

As is well known, these odd-even swap primitives
suffice to perform arbitrary qubit reconfiguration in 1D
using an algorithm known as “odd-even sort” [48]. Specif-
ically, denote the current qubit configuration as X =
(x1,x2,...,xy) and the target configuration as 7 (X) =
(T (x1), w(x2),...,m(xy)). In the first time step, qubits x;
and x;4; are swapped if 7 (x;) > m(x;+;) for every odd i.
In the second time step, qubits x; and x;;; are swapped if
7 (x;) > m(x;11) for every even i. These steps are repeated
until X = 7(X). The odd-even sort is the time-optimal
method of sorting qubits in 1D, with a worst-case run time
of N time steps.

C. 2D regular array reconfiguration

Consider a rectangular 2D grid of qubits, where every
qubit can be swapped with any of its four neighbors. This
corresponds to an ion trap tiled with X junctions, with one
qubit per junction [4]. In this case, qubit swap can still be
performed using a swap sequence as in Fig. 3(b). Alterna-
tively, it can be executed as a sequence of shuttling steps,
as illustrated in Fig. 5(a). Regardless of the physical imple-
mentation, we can still consider a switchable qubit swap to
be a logical primitive and the swap can be either horizontal
(in a row) or vertical (in a column).

The 1D reconfiguration algorithm can be extended onto
a regular 2D grid as follows [49—51]. Consider a grid of
N = m x n qubits arranged in a 2D array of m X n junction
zones. We enumerate zones as (i,7 ), wherei = 1,2,...,m
and j = 1,2,...,n. A zone is considered “odd” if i +j
is odd and “even” otherwise, as shown in Fig. 5(b). We
achieve arbitrary qubit reconfiguration as follows. First,
we rearrange the qubits in every row in parallel such that,
for every column, the target row of every qubit is dif-
ferent, which is always possible due to Hall’s marriage
theorem [51]. This rearrangement proceeds by horizontal
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odd-even swap as outlined in Sec. III B and thus takes at
most m time steps. Afterward, we rearrange the qubits in
every column in parallel to place every qubit in the tar-
get row. This is executed by vertical odd-even swap and
takes at most n time steps. Finally, we proceed with the
final row-wise rearrangement, which takes at most m time
steps. Thus, the WISE architecture allows for arbitrary per-
mutation of N = m x n qubits in 2D in at most 2m + n
time steps [52] and two types of zones. Assuming that each
junction zone contains Nge/j,~20 dynamic electrodes [53],
the reconfiguration requires 4 x Nge/i,~80 DACs, and N
bits of information per time step.

D. Realistic 2D array reconfiguration

The regular 2D array of junction zones described in Sec.
I[II C is not a preferred arrangement of zones for several
reasons. First, junctions typically require a larger electrode
count and footprint than linear segments. Thus, allocat-
ing one junction per qubit may be exceedingly costly and
it will likely be preferable to operate with k£ > 1 qubits
per junction. Second, quantum computing requires not just
an array of individual qubits but an array of qubit chains
to facilitate multiqubit gates. Thus, any reconfiguration
method must consider how qubits come together in larger
chains. Finally, a QPU might require specialized zones,
such as “ion-loading zones” [54] or “qubit-readout zones”
[55]. A practical reconfiguration method should thus allow
for different zone types.

Fortunately, the methods presented above can be eas-
ily extended to such more realistic traps. As an example,
consider an N-qubit 2D ion trap with k¥ = 6 qubits per
junction. The trap contains Nj, ~ N /k junction zones,
which facilitate vertical swaps, and N, &~ N(1 — 1/k) lin-
ear zones, which facilitate horizontal swaps, and where
quantum gates are implemented. An illustration of the trap
and qubits is shown in Fig. 6.

In order to perform arbitrary reconfiguration using a
dynamic electrode parallelization, we divide the trap into
four zone types—junction odd, junction even, linear odd,
and linear even—arranged as shown in Fig. 6. Since
every odd zone only neighbors even zones, row-wise and
columnwise odd-even sort operations remain unchanged.
We assume once again that each linear zone contains
Nges1z~10 dynamic electrodes, while each junction zone
contains Nge/j,~20 dynamic electrodes. The algorithm for
sorting this more realistic trap of m x n qubits using par-
allel dynamic control is illustrated in Fig. 7. In an array
of N = m x n qubits, each step can be executed by using
4 X Ngej1, + 4 X Ngesjz~120 dynamic DACs and N bits of
information. The algorithm has an approximate run time
of 2m + kn time steps. Similar techniques can be applied
to handle longer chains, different numbers of qubits per
junction, and specialized zones.

junction linear
zone zone
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FIG. 6. A schematic illustration of a 2D ion trap with k = 6
qubits per junction. We distinguish four zone types: junction
odd (orange), junction even (green), linear odd (green), and lin-
ear even (orange). Before and after reconfigurations, qubits are
stored in the linear zones in small chains to allow for multiqubit
quantum gates.

E. Performance

The total duration of qubit reconfiguration depends on
the time it takes to execute a single step of parallel swaps.
This, in turn, depends on the duration of other primitives,
such as ion splitting, merging, rotation, and/or linear shut-
tling [in the case of a 1D swap in Fig. 3(b)] or junction
shuttling [in the case of a 2D swap in Fig. 5(a)]. As an
order of magnitude, we assume a qubit swap duration of
to = 100 s, which is representative of the capabilities of
today’s small-scale quantum computers [57,58]. However,
significantly faster swaps should become feasible in the
future [59].

Furthermore, in a 2D array, the reconfiguration time
depends on the number of zones N =m x n, as well
as on the number of qubits per junction k. Finally, the
reconfiguration time crucially depends on the target per-
mutation, with longer-range connectivity requiring more
reconfiguration steps.

As a pessimistic estimate, we consider the worst-case
duration of arbitrary qubit routing. For the algorithm in
Sec. III D, it is easy to verify that, for any given (N, k), the
reconfiguration time is minimized when m = /kN /2 and
n = /2N /k. In that case, arbitrary reconfiguration of an
N-qubit array requires approximately +/8kN swap steps.

With those assumptions, Fig. 8 (a) shows the maxi-
mum time necessary to perform arbitrary qubit routing in
a realistic 2D array. We find that, with £ = 6, we achieve
an arbitrary reconfiguration of a 1000-qubit array in ¢, =
22 ms. To put that in more meaningful terms, we compute
the memory error associated with qubit reconfiguration,
assuming the error model measured for **Ca* clock qubits
in Ref. [13]. The result is shown in Fig. 8 (b). We find that
for k=6 and N = 1000, we can expect a memory error
(per qubit per reconfiguration) of 2 x 1073, significantly
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FIG. 7. The sort algorithm for a realistic 2D ion trap with £ = 6 qubits per junction. (A) First, two-qubit chains in linear segments

are split in parallel such as to place every qubit in a different zone. (B) Parallel row-wise odd-even sort is used exactly as if the array
was regular, rearranging the qubits such that qubits in the same column have unique destination rows. This takes at most m time steps.
(C) Parallel column odd-even sort is applied on every kth qubit in sequence. This takes k x n time steps [56]. (D) Parallel row-wise
odd-even sort is used exactly as if the array was regular. (E) Finally, qubits are remerged into two-qubit chains between linear zones

in parallel.

below two-qubit gate errors in any quantum computing
platform today.

This demonstrates that, despite limited freedom of oper-
ation, parallel dynamic control is compatible with high-
fidelity reconfiguration at scale. At the same time, as
each step requires N bits of information to specify the
switch settings, the overall required data flow rate between
the controller and the chip is N/f, which evaluates to
10 Mbit/s for a 1000-qubit chip. It is easy to send this
amount of data over a single serial line, offering a major
improvement over the standard approach. We emphasize
that the numbers in this section describe routing times
necessary for arbitrary all-to-all connectivity. In practice,

judicious qubit mapping and algorithm choice can sig-
nificantly decrease the overheads associated with qubit
reconfiguration. Furthermore, specific reconfigurations can
be executed much faster using less generic routing algo-
rithms.

F. Shim electrodes

The quasistatic shim electrodes play a passive role in
qubit reconfiguration: they are charged to the desired val-
ues before reconfiguration begins and are disconnected
during ion transport. The primary function of shim elec-
trodes is to minimize the stray-field offsets between zones
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FIG. 8. The 2D qubit-array reconfiguration time and error. (a)
The approximate worst-case time and number of time steps for
reconfiguring a 2D array of qubits in the optimal configuration,
assuming a swap time of #y = 100 ws. (b) The associated memory
error, assuming the decoherence error model in Ref. [13].

such that the same dynamic swap waveform leads to suc-
cessful qubit swaps in different zones. Among all the
transport primitives, ion splitting is typically most sen-
sitive to the stray-field setting, requiring axial stray-field
error of E $ 5 V/m [60]. However, larger stray-field errors
can be tolerated as long they are radial. Finally, differences
in stray fields can lead to heating and even ion loss during
transport operations such as crystal rotations or junction
transport. However, these can typically tolerate errors as
large as E~100 V/m [58].

The second role of shim electrodes is to passively com-
pensate for differences in dynamical electrode moments
in different zones due to, e.g., fabrication imperfections.
While quasistatic shims cannot null out dynamical errors
at every point in time, they can be used for fine tuning
the potentials along critical points in a transport trajectory,
e.g., to prevent frequency crossings during crystal rotations
[61].

Future experiments must verify the minimum number
of necessary shim electrodes per zone. In subsequent sec-
tions, we conservatively assume that each zone contains
Nses- = 10 shims [62]. We anticipate that improvements in
control design may allow for as few as Ny, ~ 3 shims
per zone, controlling 6° of freedom (e.g., three field terms
and three curvature terms) at one point in space during a
two-qubit swap.

IV. TRANSPORT-ASSISTED QUANTUM GATES

Consider an N-qubit trap, with a global spatially inho-
mogeneous qubit drive coupling to qubits in all zones.
In order to perform transport-assisted quantum gates, we
engineer a situation where, for every qubit i, the gate Rabi
frequency €2; can be adjusted by adjusting the qubit posi-
tion ;. There are several different ways in which this can
be implemented in hardware.

For example, one way to implement this scenario is by
using integrated microwaves. A simplified case with a lin-
ear trap and a single conductor is shown in Fig. 9(a). A

(a) J@T (b)
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FIG. 9. (a) A schematic illustration of a linear ion trap sup-
porting laser-free transport-assisted gates. Individual qubits (red)
are held above a microwave conductor (gray) running along x
across all zones. When the current is applied, all qubits experi-
ence a position-dependent magnetic field, allowing for transport-
assisted gates. (b) A schematic illustration of a linear ion trap
supporting laser-based transport-assisted gates. A laser beam is
passively split into multiple channels, each delivered to a sep-
arate qubit in a separate zone. Once the laser is turned on, the
qubits experience a position-dependent laser intensity, allowing
for transport-assisted gates.

trace carrying current / along the trap axis x creates a mag-
netic field B o I, near-resonant with the qubit frequency,
in every zone in parallel. This leads to qubit coupling with
Rabi frequency Q (v) o< I x y, where y is the distance from
the trap axis. Furthermore, it is possible to achieve Q(y =
0) =~ 0 by, e.g., exploiting polarization selection rules [63],
or using multiple parallel microwave lines [64,65]. Thus,
we obtain Q(y) &~ aly, where « is a constant. Therefore,
single-qubit interactions can be switched off by placing the
qubit at y = 0 and effectively modulated by moving the
qubit along y [66,67].

Another way to implement this scenario is to use
laser light, e.g., as illustrated in Fig. 9(b). A laser beam,
near-resonant with the qubit transition, is coupled into
a trap-integrated waveguide [68—70] and passively split
between multiple paths of comparable intensity [71].
Inside each zone, a grating coupler is used to focus the
light near the qubit location at x = 0 to a spot size w [72],
which leads to position-dependent Rabi frequency Q2 (x)
Qo exp(—x?/w?). Thus, single-qubit interactions can be
modulated by moving the qubit around x = +w/+/2, and
switched off by placing the qubit at x > w.

A. Dynamic electrode parallelization

We can leverage dynamic electrode parallelization for
single-qubit gates, regardless of the implementation, as fol-
lows. We set up the dynamic waveforms such that, when
s; = 1, the qubit in zone i is moved to position r; with
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FIG. 10. An illustration of transport-assisted laser-free single-
qubit gates using (a) dynamic electrode parallelization and (b)
shim demultiplexing. In (a), a switch-select word s selects which
zones are active (s = 1, solid color) and which are inactive
(s = 0, semitransparent). Once the switches are set, a dynamical
waveform moves the qubits in active zones to locations where
they experience nonzero Rabi frequency €2, while qubits in inac-
tive zones are moved to locations where €, ~ 0. Afterward, a
current pulse is applied to the central conductor, executing the
target operation. Finally, the qubits are returned to their original
locations. In (b), the multiplexer is first turned on, setting shim
electrodes in different zones to different values (shades of blue).
This moves qubits in different locations to different zones, adjust-
ing the Rabi frequency locally. Afterward, the multiplexer is
turned off and a current pulse is applied to the central conductor,
executing the target operations.

Rabi frequency 2. On the other hand, if s; = 0, the qubit is
moved to position 7y, where 2 = 0. An illustration of the
scenario is shown in Fig. 10(a).

With the drive resonant with the qubit frequency, this
generates a Hamiltonian Hy =) s,-Qag), where o4 =
cos ¢poy + sin¢o,, ¢ is the global drive phase, and 2 is
the global drive strength. If the drive is detuned from the
qubit transition frequencies by § >> 2, we instead obtain a
Hamiltonian H, = ZisioZQz/(%) [73].

Due to unavoidable experimental imperfections, it is
impossible to ensure that 2 = 0 when s; = 0. Thus qubits
in zones with s; = 0 will always experience some residual
Rabi frequency 2, = & x Q. This, if uncorrected, results
in approximately &2 infidelity per qubit per gate, which
can be a challenge for transport-assisted gates. We mitigate
this error using a two-step approach. First, we make use of
any knowledge of ¢ to coherently undo undesired rotations
with subsequent operations. Second, we use composite
pulse schemes to cancel out any residual but unknown sys-
tematic errors. For example, using the SK1 pulse sequence
[74], one can achieve single-qubit gate infidelities < 107>
while addressing imperfections as large as ¢ ~ 0.1, which
is readily achievable in practice [75—77]

In addition to single-qubit gates, dynamic electrode par-
allelization allows us to switch two-qubit interactions on
and off. When the global drive is turned on to gener-
ate a state-dependent force, we can write the effective
entangling interaction between qubits i and i + 1 as H =
Qo(;i)ad(fﬂ). This interaction only occurs if the qubits
are in the same potential well [78]. Therefore, we set
up dynamical waveforms such that, if (s;,s41) = (1, 1),
qubits (i,i + 1) are merged into the same well prior to
the two-qubit gate, while if (s, s;21) = (0, 0), they remain
in separate zones. Thus, we generate a Hamiltonian H, =
S 53190 (1()21'71)0_ (1()21')'

Hamiltonians H, and H; implement single-qubit gates
on arbitrary subsets of qubits in parallel, while H, imple-
ments two-qubit gates on arbitrary subsets of qubits in
parallel. Together, they can be used to implement a univer-
sal primitive gate set [79,80] and thus universal quantum
computation. Explicitly, a quantum circuit is decomposed
onto N, different basis gates and implemented by using
cycles of N, time steps, each implementing one of N, gate
layers.

Finally, we note that while the local operation phase
is set by the global drive phase, it can vary zone to
zone, e.g., when the total length of the current conductor
becomes comparable to the wavelength (in the microwave
implementation), or due to length offsets between inte-
grated waveguides routed to different zones (in the laser
implementation). However, these phase variations can be
accounted for and compensated using local rotations, e.g.,
by employing phase-insensitive operation blocks [81]

B. Shim demultiplexing

While dynamic electrode parallelization can be readily
applied to circuits with a small number of basis gates N,,
it is prohibitively costly for circuits with N, > 1. This
creates a challenge in the NISQ regime, where the abil-
ity to implement a continuous variable-angle gate set is
beneficial [82—84]. Shim demultiplexing can be used to
overcome this limitation of dynamic electrode paralleliza-
tion by allowing continuous local control of 2. This leads
to the ability to perform different single-qubit gates in
parallel.

In this approach, instead of moving the qubits between
two fixed positions r; and ry, we adjust » continuously
using demultiplexed shim electrodes, as illustrated in
Fig. 10(b). After the shims are set, we turn off the demul-
tiplexer and execute the operation by applying the global
qubit drive. The shims are then set to new values before
the next gate layer or transport layer.

Thus, shim demultiplexing allows us to implement
a Hamiltonian Hy = Zi Qia@ , where €; is locally
adjustable. This executes parallel rotations with locally
adjustable angles across the processor using only a global
drive. Combined with global two-qubit gates implemented
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as before, we obtain a powerful toolbox for NISQ algo-
rithms and beyond.

There are several drawbacks associated with transport-
assisted gates via shim demultiplexing. First, as electrode
voltages have to be adjusted before every gate layer,
demultiplexing slows down the effective clock rate of the
quantum computer. Second, the lack of local phase control
restricts the use of composite pulses to reduce system-
atic errors. However, local phase control can be restored
using demultiplexed integrated in-phase and quadrature
(IQ) mixers, implementing the control scheme proposed in
Ref. [85].

V. PHYSICAL IMPLEMENTATION

Ion-trap fabrication and operation are fundamentally
compatible with electronic integration and CMOS pro-
cesses. However, as discussed in Sec. I, care must be
taken with regard to issues of power dissipation, footprint,
and data flow. Furthermore, low-complexity electronics
are preferred given the relative immaturity of cryogenic
CMOS design tools. Finally, care must be taken to avoid
introducing additional error sources, such as rf pickup or
stray fields.

In this section, we sketch out the structures that need
to be integrated into the QPU to implement the WISE
architecture. We discuss the design and main performance
metrics of the dynamic electrode switch network (Sec.
V A) and the shim-demultiplexing network (Sec. V B). We
discuss the main error sources and, in Sec. V C, summarize
why the physical implementation of the WISE architecture
indeed alleviates all the main issues of integrated DACs.

A. Dynamic electrode switch network
1. Switch implementation

The basic building block of the dynamic electrode
switch network is shown in Fig. 11. The bit-select word
s = (s1,...,5y) is loaded via a serial line into a paral-
lel shift register. Afterward, the entry s; is used to select
whether the electrode j = 1,2, ..., Ny, in zone i of type
t (odd or even) is connected to DAC V,;; or V;o;. The
switch itself is built using two transmission gates, each
implemented using an NMOS-PMOS transistor pair and
an inverter. The DAC outputs are only filtered off chip.

2. Switch network

While in principle one switchable electrode per zone
suffices to implement a switchable swap (Appendix B) the
most flexible wiring is illustrated in Fig. 12, where all Ny,
dynamic electrodes in every one of N zones are connected
to switches. This allows for maximum flexibility in the
waveform design, as every action can have a completely
separate custom waveform set. As all the switches in zone

serial-to- |
parallel |
converter

g electrode jin zone i

FIG. 11. The basic implementation of a dynamic electrode
switch network. The bit-select word s is loaded into a serial-to-
parallel converter, which connects to a single-pole double-throw
switch, selecting whether the electrode is active (s = 1, solid) or
inactive (s = 0, transparent). The switch is implemented using
two transmission gates, each implemented as a pair of transistors.

i are controlled by the same digital line s;, the length of the
bit-select word s is N.

Since each electrode is always connected to at least
one DAC, there is no requirement to integrate capacitors,
as off-chip capacitors suffice to provide a dc-electrode rf
ground. If necessary, residual rf pickup on dynamic elec-
trodes can be reduced by optimizing transmission gate
resistance.

3. Operation timing

The switch network is operated as follows. Consider
a single operation step, either a swap (duration %)) or a
transport-assisted gate (duration #,). While the DACs are
playing the required waveforms, the word s of length N
bits describing the next transport step is loaded through a
serial link into a parallel register. At the end of the trans-
port step, the DAC voltages are set such that Vo =V, ],
i.e., each electrode is at the same voltage regardless of
the switch setting. Then, data from the parallel register
are transferred onto the switches and the next transport
step begins. Note that since Vo = V;, setting the switches
does not affect electrode voltages and thus does not lead
to motional excitation of the ions. Thus, assuming that
tg > to, as long as the interface supports a data rate of
more than N /f,, the switch network does not bottleneck the
device performance. With 7y = 100 ws as in Sec. III E, we
find that the required data flow rate is 10 N kbit/s. Thus,
a single serial line with a bandwidth of 50 Mbit/s suffices
for N ~ 5000 qubits.

B. Shim demultiplexing
1. Demultiplexing network

A high-level illustration of the shim-demultiplexing net-
work is shown in Fig. 13(a). The QPU consists of multiple
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FIG. 12. The implementation of parallel dynamic control. The
linear 1D trap (right) is undergoing an odd swap. Each zone con-
sists of dynamic electrodes, shown in green for odd zones and
in orange for even zones. Each dynamic electrode is connected
through an individual single-pole double-throw switch to one of
two DACs. All switches for zone i are controlled by the same
bit s;. Electrodes in odd zones are connected either to the DAC
group Vi (if s; = 0) or to V' (if s; = 1). Likewise, electrodes
in even zones are connected either to Voo (if s; = 0) or to Vy
(if s; = 1). In the above image, the electrode color matches the
color of the DAC to which it is currently connected. In this (toy)
example trap, there are Ny, = 6 dynamic electrodes per lin-
ear zone and hence Ny, = 6 DACs per group, for a total of
Napac = 4 x Nyej1, = 24 dynamic electrode DACs.

analog 1 : M demultiplexers that serve to connect the shim
DAC to the shim electrodes one at a time. A single on-off
signal clocks all the demultiplexers on the QPU. Each shim
electrode is connected to an integrated capacitor after the
demultiplexer.

Figure 13(b) illustrates the demultiplexer circuit in more
detail. On every clock cycle, on-chip digital logic incre-
ments an L-bit register x by one, starting from x = 0. The
output x = (x1,x3,...,xz) of the register is sent to a dig-
ital demultiplexer with M = 2% outputs. The circuit sets
the output y, = 1, while the rest of its outputs are set to 0.
Demultiplexer outputs y, act as switch control signals, con-
necting the shim DAC to electrode x if and only if y, = 1.
The individual switches are implemented as transmission
gates as before.

After the switch is closed, we wait for time 7., allowing
the electrode to charge, and then advance the clock by one

cycle. The procedure is repeated in total M times, charg-
ing Ng. shim electrodes in time ¢, = o X M using Ns./M
DACs and a single clock line. When x = 0 and all the
electrodes are charged, we pause the clock signal and exe-
cute the subsequent operation layer with shim electrodes
floating.

2. Integrated capacitors

Operation with floating electrodes requires integrated
capacitors to provide an rf ground. To make the design
practical, capacitances must be sufficiently small to avoid
footprint bottlenecks highlighted for integrated DACs.

When disconnected, the voltage on each shim electrode
oscillates with amplitude Vs = Vir X Csp¢/C, where Vig is
the voltage on the rf electrode, Cs,r is a parasitic capac-
itance between the rf and the shim electrode, and C is
the capacitance of the integrated capacitor. This leads to
additional micromotion, especially if there are variations
of C; ¢/ C between electrodes.

Consider zones of area 4., each containing Ny, shim
electrodes, each connected to a capacitor of area A.. As
long as Ng./: x A. < A, the capacitors do not represent
a significant bottleneck on the device size. Thin-film pla-
nar capacitors allow for C/4c~3 fF/pm? [29]. Thus, a
capacitor with dimensions 4, = 100 um x 100 wm pro-
vides a capacitance of C~30 pF. Assuming that 4, =
400 wm x 400 pwm, we can connect N; & 16 shims per
zone to such capacitors without increasing the device foot-
print. Assuming that ¥y = 100 V and C, ;s = 1 {fF [37], we
expect an rf pickup of Vs = 3 mV. This should be suffi-
cient for high-fidelity quantum operations, especially since
the pickup can be very uniform with integrated capacitors
[86]. If necessary, the rf pickup can be further reduced by
using larger values of C, e.g., by increasing the device foot-
print, increasing the number of capacitor layers, or using
vertical trench capacitors [29,87].

3. Timing and 1I/O count

The shim-demultiplexing architecture allows us consid-
erable freedom in trading off the shim charging speed, net-
work complexity, performance, and the number of inputs.
Increasing the multiplexing order M decreases the num-
ber of shim DACs but increases the shim charging time
ts., slowing down the effective clock speed of the quan-
tum computer. While decreasing the electrode charging
time £, directly improves the clock speed, this must be
traded off against the additional design and fabrication
complexity of high-speed electronics. In addition, faster
electrode charging can lead to additional motional excita-
tion of ions, necessitating subsequent recooling. Finally,
depending on the number of primitive gates N,, single-
qubit operations will either be executed using dynamic
electrode parallelization (which does not require frequent
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(a) The basic architecture for shim demultiplexing. Each shim DAC (blue) is connected to one of M possible shim elec-

trodes (blue) via an analog demultiplexer. An input clock controls all the demultiplexers on the chip, selecting whether they are turned
on or off. Each shim electrode is connected to ground through an integrated capacitor. (b) Details of the analog-demultiplexer imple-
mentation. An L-bit register (one for the whole chip) advances x by one every clock cycle. The value of x is sent through a digital
demultiplexer and controls a transmission-gate switch, selecting which of the M = 2¢ — 1 electrodes is connected to the DAC. When
x = 0, all the electrodes are disconnected and the qubit reconfiguration and/or quantum gates can proceed.

shim recharging) or shim demultiplexing (which requires
shim recharging between every gate layer).

As an example, consider a N = 1000-qubit chip with
Nse/- = 10 shims per zone, reconfiguration time . =
22 ms, and N; = 10 transport-assisted gate layers between
reconfiguration steps, each requiring all shim electrodes
to be recharged. Using a charging time of f.. =3 us
and M = 128, the shim charging time is t;,c = M X toc =
384 ps. Thus, shim charging takes N; X fi/t, & 20% of
system time—significant, but not a run-time bottleneck. At
the same time, the total of Nge = Nyo/z x N~10,000 shim
electrodes will require Ng./M~80 shim-voltage inputs,
which is easily achievable in today’s systems. Finally, the
charging time of #,. = 3 s is long enough to not intro-
duce significant electronics design challenges and to limit
motional excitation of the ions.

4. Voltage errors

In our architecture, shim-voltage errors can arise on
top of errors from the DAC. The three main sources are
charge injection, electrode discharging, and the photoelec-
tric effect.

Charge injection refers to an additional voltage that
appears once the switch is opened due to the redistri-
bution of charge accumulated on the control transistors.
This results in a fractional voltage shift of approximately
C,/C, where C; is the transistor gate-source capacitance.

Assuming a shim capacitance C = 30 pF, a transistor
capacitance C; = 30 fF, and a typical shim stray field
E; =200 V/m [87], the charge-injection effect is at the
level of E; x C;/C~0.2 V/m. The effect is expected to
be systematic and thus can be compensated by calibra-
tion. Furthermore, the magnitude of charge injection can
be reduced by reducing C; through advanced fabrication
processes.

Electrode discharging means that electrode voltage
decays over time once the switch is opened. The main
loss channels are due to current flow through the capaci-
tor and the transistor. We will assume the combined decay
time constant of 7 = 180 s, based on results reported in
Ref. [42] for cryogenic transistors and thin-film alumina
capacitors of comparable values.

To evaluate the effect of electrode discharging on quan-
tum operations, consider once again a N = 1000 qubit
chip with reconfiguration time 7. = 22 ms (as in Sec. Il E)
and two-qubit gate time 7, = 100 s. Assuming once
again that E; = 200 V/m, we find a shim field drift of
E,; x (1 — e /™) ~ 24 mV/m during reconfiguration. As
the transport operation most sensitive to stray-field off-
sets—qubit split—can tolerate axial field offsets of approx-
imately 5 V/m [60], this level of drift is fully compatible
with a low-error low-heating reconfiguration. The most
stringent requirement on electrode voltage stability is that
stray-field drifts can lead to gate-mode frequency drifts,
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FIG. 14. An illustration of the possible electrical wiring of a 1000-qubit chip. The QPU (right) combines an ion-trap integrated
circuit with integrated capacitors and switches and requires a footprint of 8 mm x 22 mm (excluding interconnects). The QPU is
controlled using approximately 200 electrical inputs, delivered from approximately 200 off-chip sources via wire bonds.

causing two-qubit gate errors. During a two-qubit gate, we
expect a stray-field drift £, x (1 — e "2¢/") ~ 0.1 mV/m.
Assuming a gate-mode anharmonicity of df /dE = 1 kHz
per V/m [88], this corresponds to a motional frequency
drift of df = 0.1 Hz, resulting in a negligible two-qubit
gate error of approximately df 2 x £ q’le’lo [89]. Thus,
we expect that electrode discharging will not bottleneck
either qubit reconfiguration or quantum gate fidelity [90].

Due to the photoelectric effect, the voltage held on
the shim electrode—and hence the corresponding stray
field—is perturbed by laser light. This effect is most pro-
nounced for short-wavelength light (blue and ultraviolet)
but can be meaningful for longer-wavelength radiation as
well [91]. The impact of the photoelectric effect can be
minimized by carefully managing laser scatter and elec-
trode contamination, as well as by using laser-free gates
instead of laser-based gates.

C. Comparison to integrated DACs

In a nutshell, our solution replaces the problem of
integrating filtered DACs with the problem of integrated
switches and small capacitors. Thus, it is only a reasonable
solution if the latter issue is easier than the former. Fortu-
nately, as highlighted earlier in the section, our architecture
alleviates all the main concerns of integrated DACs:

(1) Power dissipation. Unlike a DAC, a transmission-
gate switch results in negligible additional power
consumption.

(2) Data bandwidth. Unlike a DAC, a transmission-gate
switch requires only a single bit of information per
operation. Thus, the data-streaming rate is reduced
to 1/ty = 10 kbit/s per zone, allowing for a large
number of switches with a single serial line.

(3) Footprint. Unlike a DAC, a transmission-gate
switch requires a footprint only a few times larger
than that of a single transistor. The transistor size,
in turn, depends on the required voltage level, as

well as the details of the fabrication process. Assum-
ing a transmission gate footprint of 4, ~ 50 pm x
50 wm, which is realistic for £10 V logic levels
[92], we find that the switching networks intro-
duce little to no overheads on the device footprint
(Appendix A). Furthermore, all large filter capac-
itors (with typical values of approximately 1 nF)
are placed off chip in our architecture. While WISE
architecture requires integrated capacitors to elim-
inate rf pickup on shim electrodes, those can be
small (C~30 pF) and their footprint manageable
(Ac =~ 100 pm x 100 pm).

All in all, integrating switches at high density is con-
siderably more practical than integrating DACs at high
density.

VI. WIRING A 1000-QUBIT CHIP

Let us now put all the numbers from the previous
sections together to discuss the wiring of a 1000-qubit
trapped-ion quantum computer. Table I in Appendix A
shows the main system parameters, collected from the pre-
vious sections. In this section, we summarize the most
important quantities. The result is illustrated in Fig. 14.

Our device is a 2D array of m x n = 54 x 19 = 1026
zones, consisting of N, = 855 linear zones and N;, = 171
junction zones. The device holds N = 1026 qubits (k = 6
qubits per junction) at a height of # = 40 um above the
surface, in a region of x x y =22 x 8§ mm (total area
A; = 164 mm?), using Ng. = 11970 dynamic electrodes
and N, = 10260 shim electrodes. Each shim electrode is
connected to one of the C = 30 pF thin-film planar capac-
itors, which occupy a total area of 4, = 103 mm? on a
buried layer. Another buried layer contains the switching
network—a total of Ny, = 34 200 transmission gates, with
an area of 86 mm?>—as well as the necessary digital logic.

After the switching network, the dynamic electrodes are
connected to Ngpac = 120 off-chip DACs. The shim elec-
trodes are controlled by Nypac = 81 off-chip DACs via 1 :

040313-13



MALINOWSKI, ALLCOCK, and BALLANCE

PRX QUANTUM 4, 040313 (2023)

TABLE I. System-parameter table for a 1000-qubit chip.
Quantity Symbol Formula Value
Number of qubits = number of zones N 1026
Number of qubits per junction k 6
Zone count mxn ~ JKN/2 x /2N [k 54 x 19
Number of junction zones N; nxmlk 171
Number of linear zones My N —N;, 855
Number of dynamic electrodes per linear zone N1z 10
Number of dynamic electrodes per junction zone Naejiz 20
Number of shim electrodes per zone Nge/z 10
Number of dynamic electrodes Nge Naeytz X Niz + Neeysiz X Ny, 11970
Number of shim electrodes Nie Ngesz x N 10260
Number of electrodes N, Nge + Ny 22230
Ion height h 40 pm
Average zone size X, Xy, 10/ x 10A 400 pm x 400 pm
Chip size (active region) XXy (mxx;) x (nxy,) 22 mm x 8 mm
Total area (active region) A, XXy 164 mm?
On-chip capacitance density C/Ac 3 fF/um?
On-chip capacitor size Ac 100 pm x 100 pm
Total area (capacitors) Aie Ac X Nge 103 mm?
Shim capacitance to ground (when floating) C C/Ac x Ac 30 pF
Radio-frequency voltage Vit 100 V
Shim-to-rf capacitance Csrt 1{F
Radio-frequency voltage on shim electrodes Virt Vie X Cspe/C 3mV
Number of dynamic switch settings Nset 0 or 1, i.e., stay or swap 2
Number of dynamic DACs Napac 2 X Nget X (Ngestz + Naeyiz) 120
Multiplexing order M 128
Number of shim DACs Nypac Nse/(M — 1) 81
Length of switch-select word Nsw log, (Ns’\e’t 1026 bits
Serial link data rate dNg/dt 50 Mbit/s
Switch-select time tss Nsw/dNg /dt 21 us
Number of transport-assisted gates Niag/de 2
per dynamic electrode
Number of transport-assisted gates Niag/se 1
per shim electrode
Number of transport-assisted gates Niag Niag/de X Nge + Niagjse X Nge 34200
Transport-assisted-gate size Atag 50 pm x 50 pm
Total area (transport-assisted gates) Ay tag Nigg X Atag 86 mm?
Charging time per shim electrode fec 3 s
Total shim charging time [ toc X M 384 ps
Qubit swap time to 100 s
Maximum qubit-reconfiguration time t 2xm+kxn 22 ms
Transistor capacitance C; 30 fF
Typical shim field Es 200 V/m
Charge-injection field systematic dE, ~E; x C;/C ~0.2V/m
Shim discharging time constant T 180 s
Shim field drift during reconfiguration E; x (1 —e /) 25 mV/m
Shim field drift during two-qubit gate pulse E; x (1 — e 24/7) 0.1 mV/m
Single-qubit gate pulse time tg 1 ns
Two-qubit gate pulse time by 100 s
Transport-assisted single-qubit gate time ttag,1q tse + tiy 385 ps
Transport-assisted two-qubit gate time tag2q tse + 1y 484 s
Maximum system speed 1/tag 14 2600 layers per second

Minimum system speed

1/(ttag,2q + tr)

40 layers per second

128 on-chip analog demultiplexers. In addition, approxi-
mately ten electrical connections are required to deliver
the digital control signals (with a data-streaming rate of

50 Mbit/s) and power the digital logic, as well as to pro-
vide global trapping and qubit drive fields. In total, we
use approximately 210 electrical connections between the
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control electronics and the QPU, comparable to present-
day ion-trap setups. Additional interconnects will be used
for optical wiring (for laser delivery and readout) but the
discussion of these is beyond the scope of this work.

Quantum operations are performed as interleaved lay-
ers of qubit reconfiguration and transport-assisted gates,
with arbitrary-angle single-qubit rotations implemented by
shim demultiplexing. The reconfiguration takes between
to = 100 ws (for simple nearest-neighbor routing) and
t. =22 ms (for arbitrary large-scale routing). Quantum
gates are enabled by global qubit drives, which imple-
ment single-qubit gates in #;, = 1 s and two-qubit gates
in tp, = 100 ws. However, the duration of each transport-
assisted gate layer is dominated by the shim charg-
ing time of 7, = 384 s. Depending on the operation,
the overall circuit execution speed is therefore between
1/(tig + tsc) = 2600 circuit layers per second (for sequen-
tial single-qubit gates in identical qubit configuration)
and 1/(t. + trg + tsc) = 44 circuit layers per second (for
sequential two-qubit gates in maximally different qubit
configurations).

VII. CONCLUSIONS

We have shown how integrating simple switching elec-
tronics into the QPU allows for a 1000-qubit trapped-ion
quantum computer to be operated with only approximately
200 DACs. The QPU allows for transport-assisted gates,
with low errors and effective all-to-all connectivity.

Today’s trapped-ion systems already routinely use
approximately 200 DACs per QPU [93]. Furthermore,
today’s ion traps are routinely made on silicon substrates
[94], with multiple experiments demonstrating compat-
ibility with substrate-integrated passive [95] and active
[96,97] electronics, as well as CMOS processes [98,99].
Therefore, the proposed design shows that we can increase
the scale of trapped-ion quantum computers from today’s
N~10-30 qubits to N~1000 qubits without fundamen-
tal roadblocks in electronic wiring. This opens the path
to useful NISQ-scale quantum computation with trapped
ions.

A. Challenges and open questions

First and foremost, we must verify the feasibility of
performing the same transport operations in different trap
zones using fixed dynamical waveforms and local shims.
This may require optimizing chip fabrication to mini-
mize zone-to-zone variations of electrode moments and to
shield stray charges. Second, processor zones and wave-
forms must be carefully designed to minimize zone-to-
zone crosstalk, such that a transport operation in one
zone succeeds regardless of the waveform being applied
to other zones. If necessary, spacing between zones can
be increased without increasing the number of dynamic
DACs count using “bucket-brigade” or “conveyor-belt”

type shuttling [20,21,100—102]. Third, the rf pickup on
the dynamic electrodes caused by finite switch impedance
may affect the transport operations in undesirable ways,
necessitating the development of low-loss switches or the
integration of additional capacitors.

The most important verification of shim demultiplex-
ing is to confirm the stability of voltage offsets caused
by charge injection. If problematic, on-chip switches can
be miniaturized to reduce transistor capacitance; hence the
stored charge. This can, however, lead to increased current
leakage, in turn shortening the electrode discharging time.
The second assumption that requires verification is that
high-fidelity quantum gates can be performed with floating
shim electrodes. Finally, experiments should establish real-
istic time scales for electrode charging, in turn guiding the
decision of how many shim electrodes can be connected to
a single DAC.

Future experiments must also verify the feasibility
of high-fidelity transport-assisted gates. Despite proof-
of-principle demonstrations, all highest-fidelity gates in
trapped-ion systems thus far have been executed with
externally modulated localized drives [103—105]. Further
work is needed to demonstrate that precise control over
local potentials can be used to overcome zone-to-zone
variations, enabling high-fidelity parallel gates. Further-
more, fast and robust calibration procedures must be devel-
oped to stabilize local stray-field drifts in larger-scale
systems [38].

B. Larger-scale systems

While this paper has focused on wiring a 1000-qubit
chip, it is interesting to ask if WISE can be applied to
larger-scale systems. For example, could a 10°-qubit chip
be wired in the same fashion?

On the face of it, dynamic electrode parallelization can
be used to control arbitrarily many qubits from a fixed
number of DACs. In practice, this will be limited by, e.g.,
the parasitic capacitances of the switches and electrodes
and the resulting DAC load swings. Another relevant
effect is that the rf pickup on Nge/apac dynamic elec-
trodes connected to one DAC increases in proportion to
Ngejapac, affecting the design of DAC filters and, in turn,
the transport speed.

On the other hand, shim demultiplexing always requires
the number of shim DACs Nypac and QPU I/O lines to
grow in proportion to the qubit number N (for exam-
ple, we used Ngpac~N/10 in earlier sections). Scaling
the method to N >> 1000 requires decreasing the propor-
tionality factor, which can be achieved by (a) increasing
the multiplexing order above M = 128 shims per DAC,
and (b) decreasing the number of shim electrodes per
zone to Ng/. < 10. While the former increases total shim
charging time 7, this is not an issue if the gates are imple-
mented using dynamic electrode multiplexing and if the
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shim discharging time scales are long. If necessary, #;. can
be reduced by decreasing the charging time per electrode
tec or by sequentially charging additional on-chip capaci-
tors during quantum operations and then connecting them
in parallel to the shim electrodes.

All in all, while WISE can be applied to systems with
N > 1000 qubits, the architecture has its limitations, which
will bound the maximum number of qubits it can effi-
ciently support to some number Np,. Regardless of its
precise value (which is difficult to estimate), an N > Npyax-
qubit QPU can be then constructed as repeating units of
Nmax qubits. While DAC and control system integration
become necessary for large enough N, WISE architec-
ture can nonetheless be employed to significantly reduce
the number of DACs per qubit compared to the stan-
dard approach, making the power dissipation and footprint
issues much more tangible.

To summarize, the WISE architecture opens the door
to building trapped-ion quantum computers that are 1-2
orders of magnitude larger than today’s systems. Looking
ahead to even larger devices, there are a number of archi-
tectural decisions that will significantly impact system
wiring. For example, can we reduce the system resource
cost if we specialize the WISE architecture for implement-
ing a specific fault-tolerant quantum error-correction code
and, if so, which quantum error correction code is optimal
[106,107]? What is the optimal chip size and connectivity
for encoding logical qubits [108—110]? Does the code ben-
efit from long-range connectivity and, if so, of what kind
[111-113]? Regardless of the exact large-scale design, we
believe that the methods behind WISE architecture—after
thorough refinement in NISQ-scale devices—can serve as
its backbone.

ACKNOWLEDGMENTS

We are grateful to the entire team at Oxford lonics for
their support and helpful discussions.

APPENDIX A: 1000-QUBIT SYSTEM PARAMETER
TABLE

A detailed list of parameters of a 1000-qubit system and
their derivation is shown in Table I.

APPENDIX B: PARALLEL DYNAMIC CONTROL
WITH ONE SWITCH PER ZONE

The implementation presented in the main text assumes
that every dynamic electrode is connected to a separate
switch. This is a conservative assumption and it should,
in fact, be possible to only connect some dynamic elec-
trodes to switches while leaving the remainder of the
dynamic electrodes permanently cowired. In this appendix,
we present an example implementation of that idea, where
every zone features only one switchable electrode.

N ~Q N~
& ——e/\ —— ¢/
® o0 °
O {gr °
° o0 °
& ——e/\ —— ¥/
,,g NORUZ oo

FIG. 15. An extended 1D swap waveform. If there are four
qubits (two green and two red) at # = 0, the green qubits undergo
a swap, while the red qubits remain stationary. Alternatively, we
can think of it as a two-qubit swap waveform: if there are two
qubits in green locations at t = 0, they undergo a swap, while if
the qubits are initially at red locations, they remain stationary.

Consider an extension of the 1D swap waveform
between zones (1,2) shown in Fig. 15. In it, green qubits
undergo a swap but red qubits remain stationary. An alter-
native way to use this waveform is as follows. Suppose
that there are only two qubits—one in zone 1 and one in
zone 2—and that there is a switchable “push field” that
can be used to push qubits in each zone either left or right.
Specifically, if s; = 1, the qubit in zone i is pushed into
the green location, while if s; = 0, it is pushed into the red
location. After the switch is set, the waveform is executed.
Thus, if (s1,s52) = (1, 1), the qubits undergo a swap, while
if (s1, 52) = (0,0), they remain in the original order.

This swap waveform can be physically implemented as
illustrated in Fig. 16. We use dynamic electrodes cowired
to the same DACs to create a double-well potential (the
first step of the extended transport waveform) in each zone.
At the same time, for each zone, we can select whether
the ion is pushed into the red or green well at t = 0 by
applying either positive voltage +V or negative voltage
—V to one electrode, as illustrated in Fig. 16. Afterward,
the dynamic DACs play the remainder of the extended
transport waveform. This sequence allows us to locally
and digitally select whether or not the ion undergoes a
swap. Thus, one switch per zone suffices to implement par-
allel dynamic control. The same method can be used to
condition the execution of a 2D swap waveform.

In the basic implementation, the £V rails connect to
separate DACs and are initially set to the same voltage,
Vy. Once each electrode is connected to one rail, the volt-
age on the +V rail is increased to V, 4+ V" and the voltage
on the —V rail is reduced to ¥y — V. This ramping can
be done smoothly to avoid undesired motional excitation,
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(1a) Create double well in each zone (1a)
—_— N~ (1

£

A
(1b) Set switches (s1, s2)
—V

(s1,52) = [+V. —v]/ \ (s1,52) = [-V, +V]

FIG. 16. The single-switch implementation of parallel digital
control. Initially, two qubits (black) are trapped in two sep-
arate zones using two separate waveforms. The initial wells
are evolved into double wells in every zone (la), while local
switches s; are used to select if the qubit in zone i is pushed
into the left or the right well (1b), thus selecting if the qubits will
undergo a swap once the extended 1D waveform is applied. Steps
(1a) and (1b) can be executed simultaneously or sequentially, in
any order.

with DAC outputs filtered off chip. After all electrodes
are set to either Vo + V or Vy — V, the swap waveform
is played and the rails return to V. This implements one
cycle of parallel swaps.

Alternatively, parallel switching can be implemented by
purely digital means. In this method, the &V rails are per-
manently set to V£ V. This can considerably simplify
circuit design and make it compatible with standard digi-
tal CMOS. However, a digital implementation may require
capacitors after the switches to smooth out the switch-
ing impulses. Alternatively, qubits can be displaced with
minimum motional excitation and without filtering by a
sequence of switching events using bang-bang methods
[20,41].
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