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One of the main bottlenecks in the pursuit of a large-scale–chip-based quantum computer is the large
number of control signals needed to operate qubit systems. As system sizes scale up, the number of termi-
nals required to connect to off-chip control electronics quickly becomes unmanageable. Here, we discuss
a quantum-dot spin-qubit architecture that integrates on-chip control electronics, allowing for a signif-
icant reduction in the number of signal connections at the chip boundary. By arranging the qubits in a
two-dimensional array with about 12 μm pitch, we create space to implement locally integrated sample-
and-hold circuits. This allows us to offset the inhomogeneities in the potential landscape across the array
and to globally share the majority of the control signals for qubit operations. We make use of advanced
circuit modeling software to go beyond conceptual drawings of the component layout, to assess the fea-
sibility of the scheme through a concrete floor plan, including estimates of footprints for quantum and
classical electronics, as well as routing of signal lines across the chip using different interconnect layers.
We make use of local demultiplexing circuits to achieve an efficient signal-connection scaling, leading to
a Rent’s exponent as low as p = 0.43. Furthermore, we use available data from state-of-the-art spin qubit
and microelectronics technology development, as well as circuit models and simulations, to estimate the
operation frequencies and power consumption of a million-qubit array. This work presents a complemen-
tary approach to previously proposed architectures, focusing on a feasible scheme to integrating quantum
and classical hardware, and identifying remaining challenges for achieving full fault-tolerant quantum
computation. It thereby significantly closes the gap towards a fully CMOS-compatible quantum computer
implementation.

DOI: 10.1103/PhysRevApplied.18.024053

I. INTRODUCTION

Semiconductor quantum dots [1], particularly in sil-
icon [2], are attractive hosts for spin qubits in large-
scale quantum computation applications, because of their
assumed compatibility with conventional CMOS integra-
tion processes. In addition, the approximate 100 nm spatial
dimensions intrinsic to semiconductor spin qubits pro-
vide the potential to pack many millions of qubits inside

*l.m.k.vandersypen@tudelft.nl

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
DOI.

a single quantum processor chip. The last several years
have seen significant progress in spin-qubit research that
resulted in the demonstration of long coherence times [3],
high-fidelity single- [3–5] and two-qubit gates [6,7], quan-
tum algorithms [8], quantum nondemolition measurements
[9,10], and electron spin [11] and charge [12,13] transfer.

Scaling to millions of qubits has many technologi-
cal hurdles that will need to be cleared. Among them,
the wiring bottleneck is a very challenging one for any
solid-state qubit controlled by electrical signals [14–16]:
currently at least one wire must run from the control
electronics to each and every qubit, but chips have strict
interconnect wiring density limitations, making a one-
wire-per-qubit scheme unfeasible in the large scale. This
was already an issue when classical processors started to
scale up, leading to the development of techniques such
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as crossbar addressing, that enabled the number of output
pins T to increase at a rate much slower than the number
of transistor unit cells U on the chip. This was formally
captured by Rent’s rule: T = c Up , where c is the number
of connections per unit cell and p is Rent’s exponent, a
measure of optimization in the wiring scheme [15].

One approach to reducing Rent’s exponent in quantum-
dot-based spin qubits [17,18] involves addressing two-
dimensional (2D) quantum-dot arrays of N 2 qubits using
about N word and bit lines. These crossbar addressing
schemes impose strong requirements on the homogeneity
of the quantum-dot potentials across the array, which in
itself is a great technological hurdle. Furthermore, they are
inefficient in the sense that many operations can only be
executed sequentially.

A second approach is to decrease qubit density by using
long-range quantum links that connect modules of qubits
[14,19]. Semiconductor spin qubits provide mechanisms
to control the length scales required for qubit-qubit inter-
actions over a wide range, allowing one to configure the
desired density while still maintaining very large qubit
arrays on chip. With this scheme, the distribution of the
space on the chip can be customized for the integration
of local, classical control electronics aimed at solving the
homogeneity and operation efficiency issues.

Expanding on this potential route to solving the wiring
bottleneck, we present and analyze the spiderweb array,
a sparse 2D spin qubit array with single-qubit nodes
separated by gate-based shuttling channels [20]. In this
analogy, the qubit array resembles the open structure of
a spiderweb, with vacant space between spiders (spin
qubits) that move along the threads of their web (shut-
tling channels). We focus on how to use the open area
of the sparse array to integrate classical control electron-
ics with quantum hardware, in order to minimize the need
for off-chip interconnects, resulting in a scalable Rent’s
exponent. Different from many proposal papers, we make
a rather extensive initial effort to assess the feasibility
of this classical-quantum integration, by considering sev-
eral relevant practical aspects, without aiming or claiming
to be exhaustive in this assessment. Another aim of this
work is to identify immediate technological development
opportunities that can be prioritized in order to operate a
large-scale spiderweb array as a quantum processor.

We first describe in Sec. II the basic physical archi-
tecture of the qubit array and the implementations of the
operations required to sustain the surface code. In Sec. III
we describe the integration of on-chip classical electron-
ics at different layers within the architecture. This leads
to a logarithmic reduction in the number of control and
measurement lines from the qubit region to the chip bound-
aries, which is discussed in Sec. IV. We then consider
in Sec. V the footprint of the local control circuits and
the array sparsity required to accommodate them. Section
VI discusses the power dissipation in different sections of

the array, assuming about 1 K operation [21–23], and the
effects this has on the operation. Finally, we put all these
ingredients together to describe a feasible implementation
of a million-qubit array in Sec. VII.

II. ARRAY DESIGN AND OPERATION

The overarching concept of the spiderweb array is pre-
sented in Fig. 1. A large 2D square lattice of spin qubits
constitutes the quantum plane. The spin qubits consist of
single electrons confined in electrostatically defined quan-
tum dots in silicon. The large 2D array of qubits can be
used to implement the surface code [24], by assigning
qubits as data qubits or surface code (SC) ancilla qubits
in a checkerboard fashion, and allowing single-qubit oper-
ations as well as nearest-neighbor two-qubit operations. In
contrast to most other spin-qubit architectures, this array is
sparse, with a qubit pitch d of the order of 10 μm. This has
two major implications.

1. It facilitates the local integration of classical control
electronics, consisting here of sample-and-hold circuits
that provide independent dc biasing of each quantum-dot
gate electrode, which effectively offsets inhomogeneities
in the potential landscape across the array. Consequently,
the array can be considered fully homogeneous, allowing
the majority of qubit control signals to be shared across
the entire array, which significantly reduces the number of
control lines at the quantum plane boundary.

2. It requires a means to transfer quantum informa-
tion over distances of about 10 μm, which we imple-
ment by shuttling the qubits to operation regions—where
single- and two-qubit operations are performed along with
readout.

We define a unit cell as the smallest operational set of ele-
ments, which can be concatenated with identical unit cells
to form the large 2D array. This unit cell [Fig. 1(a)] con-
tains four qubits, and has an area of (2d)2 and a perimeter
of 8d. We define modules [Fig. 1(b)] consisting of N × N
unit cells with an area and a perimeter of (2dN )2 and
8dN , respectively. Modules define sections of the quan-
tum plane where dc biasing and readout occur sequentially
across the qubits in the module. All other operations that
are part of the surface code cycle occur simultaneously
in all unit cells in the entire array. Completing the array,
the quantum plane [Fig. 1(c)] consists of M ×M modules
(M 2N 2 unit cells and 4M 2N 2 qubits), covering an area and
a perimeter of (2dNM )2 and 8dNM , respectively. As seen
from Fig. 1(d), the quantum plane is designed to occupy
a section of the die, with the remaining space to be used
to reduce the off-chip wire count even further by adding
additional on-chip electronics. Module sizes for dc biasing
and readout (Nb and Nr, respectively) may be different, as
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FIG. 1. Overview of the spiderweb architecture with a schematic breakdown of its components, as described in the main text. (a)
A unit cell contains four qubits that are separated by the qubit pitch d. Qubits are color coded to distinguish data qubits (blue) and
SC-ancilla qubits (red), as defined in the surface code. (b) A module consists of N × N unit cells, and in turn M ×M modules together
form (c) the quantum plane. Generally, the quantum plane occupies only part of (d) the die and the remaining area can be used to
further reduce the off-chip wire count by adding additional on-chip electronics.

long as NbMb = NrMr, where Mb and Mr relate to the num-
bers of dc biasing modules and readout modules in the full
array, respectively.

A detailed schematic of the components of a unit cell
is presented in Fig. 2. The unit cell mainly consists of
large linear arrays of electrostatic gates, connecting the
vertices of the qubit array to the operation regions [see
Fig. 2(a)]. The bulk of the gates in these linear arrays
makes up the shuttling channels (blue gates in Fig. 2). Four
phase-shifted sinusoidal signals are applied to four consec-
utive gates (shades of blue in Fig. 2), repeating the set of
signals along the linear array to create a traveling-wave
potential to trap and shuttle an electron [13,25]. The sign
of the phase difference between adjacent gates defines the
shuttling direction.

Four gates at the vertices of the spiderweb array [red
gates in Fig. 2(b)] are used to control both the confine-
ment potential that keeps the electrons at the vertex while
idle, as well as the tunneling in and out of the shuttling
channels. The qubits are shuttled to and from the opera-
tion regions between the vertices [Figs. 2(c) and 2(d)] in
order to perform single- and two-qubit operations, as well
as readout and initialization. Figure 2(c) shows a schematic
of the gate structure used in the operation regions.

Single-qubit operations are performed via electric dipole
spin resonance (EDSR) in a transverse magnetic field
gradient provided by a pair of micromagnets [26]. Alterna-
tively, the micromagnets can be omitted in qubit systems
with large spin-orbit interaction [27]. After an electron is
shuttled to the operation region and confined under the bot-
tom red gates in Fig. 2(c), a microwave pulse is applied to
the control gate labeled MW, to drive spin rotations. Qubit
phase rotations can be achieved via geometric phase rota-
tions [28] or by pulsing on the gate labeled J to temporarily
detune the electron-spin energy via the Stark effect [3].

For two-qubit operations, two electrons from the ver-
tices adjacent to the operation region are shuttled and
confined under the red gates in Figs. 2(c) and 2(d), and

a pulsed signal on the gate labeled J activates an exchange
interaction between the two electron spins [1,29,30].

Most state-of-the-art spin-qubit systems use one of two
spin-to-charge conversion mechanisms to read out a qubit
state: (1) spin-selective tunneling to a nearby electron
reservoir (Elzerman readout) [31]; or (2) based on Pauli
spin blockade (PSB readout) [2], using a second quantum
dot with an ancilla electron [17,32]. The charge state of
the single or double quantum dot is then identified using a
quantum dot tuned as a charge sensor, connected to source
and drain Ohmic contacts. Although both readout tech-
niques are compatible with this architecture, we focus here
on PSB readout, due to its shorter demonstrated readout
times [33,34] and its compatibility with higher temperature
operation [21–23].

PSB readout can be used to measure the parity of a spin
pair [32]. If prior to the measurement, one of the qubits
is prepared in a known eigenstate, the parity measurement
will reveal the state of the unknown spin. Parallel spins
are identified by their (1,1) charge state, while antiparallel
states are identified by their quick relaxation to the (0,2)

singlet. The singlet can be adiabatically detuned and sep-
arated into a known product state (|↑↓〉 or |↓↑〉). After
this measurement protocol, the target qubit is left in its
projected state and the readout (RO) ancilla qubit RO-
ancilla qubit remains in its original state. In the surface
code protocol, the measured state of the SC-ancilla qubits
can be tracked to perform the required decoding of errors.
Alternatively, the target spin can be initialized after mea-
surement by real-time feedback [14] or by letting the state
thermalize to the (0,2) singlet after every measurement,
then adiabatically detuning as described above. In the spi-
derweb array, the target electron-spin qubit to be read out
is shuttled to the operation region and confined under the
bottom red gates in Fig. 2(c), alongside an ancilla electron
(RO ancilla) prepared in a known state on the neighboring
dot. A PSB readout is performed to obtain a measurement
of the target qubit, then the sensing dot can be tuned to
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FIG. 2. (a) Schematic (not to scale) of a unit cell containing four spin qubits (green), operation regions (purple and orange), con-
nected via shuttling channels (gray lines). The dashed square indicates the repeating unit cell. (b) Qubit idling region. Four barrier
gate electrodes (red) define the confinement potential and allow qubits into the shuttling channels (defined by the blue gate electrodes).
Cyan circles represent vias to higher interconnect layers. The vias are arranged in a staggered configuration to enable interconnect
routing. (c) Qubit operation region including control gates (red), sensing dot plunger (purple), source (S) and drain (D) Ohmic contacts
(squares), and micromagnets (orange rectangles). The gate electrodes labeled MW and J are used for single- and two-qubit operations
(see the main text), respectively. (d) Two-qubit operation only regions. Dark red gates in (b)–(d) require coarse-resolution dc biasing,
while the light red gates and the purple gate require a fine resolution.

store the RO ancilla, and the two spins can be adiabati-
cally separated with deterministic knowledge of their spin
state, provided by the field gradient between the readout
and sensing dot regions.

Qubits are able to share an operation region to perform
single-qubit gates and only SC-ancilla qubits have to be
read out. This allows us to reduce the number of gates
in the unit cell by reducing some operation regions to
only contain the required gates to perform two-qubit gates
[see Fig. 2(d)]. The arrangement of qubits and operation
regions shown in Fig. 2(a) constitute a unit cell that can be
tiled to obtain a fully operational surface code lattice.

Before the start of a computation, the spiderweb array
needs to be initialized by loading electrons with a known
spin state onto each of the qubit idling regions. This is
achieved by initializing electrons in the operation regions
using the two-spin thermalization and adiabatic detuning
method described above, and shuttling the electrons to
the nearest idling regions. Each operation region will ini-
tialize a data qubit first (discarding the second electron),
followed by the SC- and RO-ancilla electrons. After these
two steps, the entire array is prepared to begin the surface
code cycles, which we describe below.

We have designed the unit cell in the spiderweb array
such that a cyclic sequence of pulsed signals can be used
to perform the required operations to sustain an efficient
surface code implementation [35], with the same sequence
performed in parallel across all unit cells to sustain it in an
arbitrarily large array.

Figure 3(a) shows the circuit diagram of a single surface
code cycle in a unit cell (see Appendix D for details of
the circuit). The circuit contains single-qubit gates denoted
as R{y,z}(θ), where θ is the angle of rotation and the sub-
script identifies the rotation axis on the Bloch sphere. The
two-qubit operation in the schematic is a type of phase
gate Sp , decomposed as −iSp =

√
Sw(R[1]

z (π)⊗ I [2])
√

Sw,

where
√

Sw is the square-root-SWAP operation that is native
to the exchange interaction, I is the identity operator, and
the superscript in the single-qubit operator indicates which
qubit the operation is applied to (see Appendix D for
details). Each step in the circuit is implemented by shut-
tling the participating qubits from their idle position to the
operation region to undergo the required single- or two-
qubit gate, before being shuttled back to their idle position.
Note that each two-qubit gate, as shown in the schematic,
consists of three rounds of shuttling to achieve the required
steps in the Sp gate. Figure 3(b) shows the required qubit
shuttling scheme appropriate to each step of the surface
code cycle. The Ry rotations are achieved by tuning the
amplitude, phase, and duration of the EDSR microwave
pulse, while Rz rotations are phase rotations achieved by
using one of the methods described in Sec. II. The

√
Sw

gate is achieved by calibrating the amplitude and duration
of the pulse applied to the J gate that controls the exchange
interaction between the qubits [see Figs. 2(c) and 2(d)]. At
the end of the cycle, the SC-ancilla qubits are measured in
the operation regions. The total operation time of a surface
code cycle will be

tSC = 22 tsh + 14 t1q + 8 tsw + tr, (1)

where tsh is the time required to shuttle an electron from the
vertex to the operation region and back, t1q is the single-
qubit gate duration, tsw is the duration of a

√
Sw operation,

and tr is the time required to read out the SC-ancilla qubits.
State-of-the-art surface code protocols follow one of

two approaches to implementing logic gates. The first,
known as defect qubits [36], requires disabling a subset of
SC-ancilla qubits moving these defects around the lattice
while the rounds of surface code error correction continue
all around them. The process of moving the defects not
only involves disabling and enabling qubits in succession,
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FIG. 3. Surface code operation of the spiderweb array. (a) Circuit diagram showing the surface code cycle for the four-qubit unit
cell. Boxes represent single-qubit gates, solid (dashed) lines represent intra- (inter-)unit-cell two-qubit gates. (b) Schematics of qubit
shuttling required to perform each of the steps in (a). Note that the two-qubit gates consist of three substeps (as described in the main
text), and only the implementation of the

√
Sw is shown. Also, note that steps 3 and 13 only require shuttling of data qubit 1.

but also requires measurements on individual data qubits.
The other implementation, known as lattice surgery [37],
divides the array into patches, separated by an idle row
of interstitial data qubits. Patches are created by split-
ting a section of the lattice, which requires performing
a measurement of the interstitial qubits and subsequently
disabling them from the surface code cycles. Patches can
also be merged, by initializing the interstitial qubits and
reincorporating them into the surface code cycles. The
spiderweb array architecture can be designed to accommo-
date either type of logical qubit implementation. Patches
of qubits can be disabled by preventing shuttling of a sub-
set of qubits, while the rest of the surface code operations
on all remaining qubits continue. Selective qubit measure-
ment and initialization is more complex to implement,
since it will require interruptions of the regular surface
code cycle.

III. LOCAL CONTROL ELECTRONICS

The spiderweb array has been designed with the main
intention of providing space within the qubit plane to inte-
grate local control electronics, with the ultimate purpose
of obtaining a feasible scaling factor between the number
of qubits and external control and measurement signals. In
this section we describe in detail the implementation and
function of these circuits, along with the corresponding
routing of the signal lines between the signal-generating
source and gates, as summarized in Table I.

A. Biasing and control signals

In principle, the array only requires the generation of
control signals for a single unit cell, and that set of sig-
nals can be replicated in parallel across the entire array to

sustain the surface code. In practice, setting a quantum-
dot array to a state where several qubits can be controlled
simultaneously with a single set of control signals requires
careful calibration of the dc voltages of each gate in the
array [14]. Inhomogeneities in the materials and fabrica-
tion properties will cause these calibration voltages to vary
over a wide range across the lattice, requiring each qubit to
have independent biasing.

To mitigate this effect, we design a sample-and-hold
scheme to apply a local dc bias to the gate electrodes
[38]. We define two bias voltage resolutions �V to accom-
modate different gate functionalities. For gates acting as
barriers to shuttling channels (dark red gates in Fig. 2),
only a resolution sufficient to maintain an electron in a
quantum dot is required and therefore we can afford a
coarse resolution �Vc = 1 mV. A fine resolution �Vf =
1 μV is required for all other plunger and barrier gates
[14]. The need for dc biasing of the shuttling gates is
eliminated by making the traveling-wave potential large
enough to overcome potential landscape inhomogeneities.
As shown in Table II, there are a total of 64 gates requiring

TABLE I. Signal routing scheme for the four different types
of control lines in the array design. Demux and S/H abbreviate
demultiplexer and sample-and-hold circuitry, respectively.

Gates Routing

Shuttling (blue) Source→ gate
Pulsed (red) dc: source→ local demux and S/H → gate

ac: source→ gate
Sensing dot dc: source→ local demux and S/H → gate
Plunger (purple) ac: source→ global demux→ gate
Drain contacts Measurement device← Ohmic
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TABLE II. Number of gates for each region of a unit cell with
the associated type of biasing and pulsed signals.

Regions in Fine Coarse Pulsed
Region unit cell (1 μV) (1 mV) gates

Qubit idling 4 0 4 4
Qubit operation 2 7 2 6
Two-qubit only 6 3 2 5
Total per unit cell 32 32 58

dc biasing, with an equal split between gates requiring 1
mV and 1 μV resolutions.

The minimum hold capacitance required to achieve
coarse (Cc) and fine (Cf ) resolutions is Cc ≈ 0.16 fF
(limited by the electron charge e/�Vc) and Cf ≈ 14 pF
(limited by thermal noise kBT/�V2

f , assuming that power
dissipation from the local electronics requires the operating
temperature to be raised to 1 K).

The integrated electronics required to implement dc
biasing consists of demultiplexers and capacitors that
together form sample-and-hold circuits, as schematically
depicted in Fig. 4. Local demultiplexers distribute dc volt-
ages generated remotely (i.e., outside the quantum plane)
by voltage sources that we have labeled dcDAC, to local
capacitors connected to the gate electrodes. The local con-
trol electronics for a unit cell needs to be distributed within
the d2 area regions between the qubits, with a total of
4d2 open footprints available per unit cell [see Fig. 2(a)].
Therefore, in order to bias 64 gates per unit cell (as per
Table II), we fit 1-to-16 demultiplexers in each open region
between the qubits, which implies four demultiplexers per
unit cell. The demultiplexers are implemented using 4-bit
digital decoders, with each output activated using the 4-bit
address line.

Figure 5 shows the dc biasing scheme on the unit cell,
module, and quantum plane levels. All demultiplexers
within a module share the same input dc biasing signal
[Fig. 5(b)], and all demultiplexers in the quantum plane
share the same address bus [Fig. 5(c)]. The demultiplexers
in a module are enabled sequentially by crossbar address-
ing and in turn sequentially (one by one) update each gate.
This way, all modules are updated in parallel and therefore
one module refresh cycle is required to refresh the entire
qubit array.

The ac signals (MW and pulsed) are generated remotely
by sources that we have labeled acDAC. Each signal is
distributed throughout the array to their respective gates
and the complementary switching circuit (see ϕac and
ϕac) shown in Fig. 6 is used to combine the ac and dc
components of the gate voltages.

To implement logical qubits within the surface code
lattice, we design an additional scheme to control local
patches of data and SC-ancilla qubits. Switches connected
to the barrier gates surrounding the idle regions control

Combine dc & ac

Capacitors

Demux

(a)

Address lines
Enabler lines
dcDAC lines

To other Demuxes

To gates
24 = 16

4 bits

dcDAC

(b)

FIG. 4. (a) Schematic of a unit cell containing locally inte-
grated classical electronics. Demultiplexers in combination with
capacitors form sample-and-hold circuits to provide dc bias volt-
ages. Additionally, circuits that combine the dc bias with ac
control signals are required. (b) Input-output schematic of the
demultiplexers. A demultiplexer (dark blue), once enabled via
crossbar addressing (orange), ports the dc voltages coming from
the dcDAC (light blue) to the output selected by the 4-bit address
bus (green). The dashed red line indicates the quantum plane
boundary. The color coding in (a) and the legend in (b) repre-
sent the same components in both panels as well as in Figs. 5
and 6.

the tunneling of the qubits into the shuttling channel.
When one of these switches is activated, the correspond-
ing qubit will remain in the idle region while the rest of
the operations in the array carry on. The signals used to
control these switches are arranged in a crossbar fashion
across the entire quantum plane, as schematically depicted
in Fig. 7. This scheme enables the implementation of
either defect qubits or lattice surgery. Defects or intersti-
tial boundaries can be created by disabling patches or rows
of qubits, respectively. Selective data qubit measurement
or initialization can be performed by temporarily disabling
the rest of the array and interrupting the surface code
signal to perform the required operations. The crossbar
addressing scheme limits the shape of the defects and
patches to rectangles of arbitrary size, but meets basic sur-
face code requirements and within those limits allows for
universal control.

B. Readout signals

It is difficult to realize a favorable Rent’s exponent on
the measurement circuit because each SC-ancilla qubit
needs to be read out independently. In order to use a sin-
gle line outside the quantum plane to measure more than
one qubit, the readout protocol will require some form of
multiplexing. With this in mind, we define a readout mod-
ule consisting of N 2

r unit cells that share a single readout
signal line for multiplexed measurements.

The simplest form of multiplexing is to read out qubits
sequentially. This is done by connecting the drain contacts
of all sensor dots in a readout module to a single line at the
quantum plane boundary and consecutively pulsing their
plungers to bring them to the low-impedance, electrostat-
ically sensitive regime, while all other sensor dots in the
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(a)
4 bits

dcDAC(b)

Address lines
Enabler lines
dcDAC lines

2Nb bits

2Nb bits

4 bits

dcDAC

dcDAC

dcDAC

dcDAC

dcDAC

dcDAC

dcDAC

dcDAC

dcDAC

(c)

FIG. 5. Schematics of (a) a unit cell and (b) a module. Demultiplexers are sequentially enabled by crossbar addressing controlled
by multiplexers (orange blocks). (c) Schematic of the array of modules completing the quantum plane. Dashed red lines in (b) and (c)
denote the quantum plane boundary.

readout module are in Coulomb blockade (i.e., in the high-
impedance regime). A global readout demultiplexer is used
for the sequential control of the sensor plungers in a read-
out module. This demultiplexer can be shared between all
readout modules across the entire array and can be located
outside the quantum plane. This method is technically sim-
ple to implement, but will be limited by the data qubit
coherence time, since it will increase the total surface code
cycle time [i.e., the last term in Eq. (1) becomes Nrtr].

Simultaneous readout of a number of qubits can also
be achieved using other multiplexing techniques, such
as amplitude, frequency, and/or phase modulation. The
plungers of the qubits to be read out in parallel can be
connected to a single pulsed signal line that activates
all sensors simultaneously. The measured signal from the
common Ohmic line needs to then be demodulated to
extract each individual qubit measurement.

To gate

dc

To other
unit cellsac

φac,58

φac,58

acDAC

To gate

dc

To other
unit cells

ac

φac,1

φac,1

acDAC

dcDAC
Demux58x

To other gates

FIG. 6. Circuit schematic to combine ac and dc signals as
described in the main text. The acDAC (dcDAC) label denotes
voltage sources for pulsed signals (dc biasing). The dashed red
line indicates the quantum plane boundary.

Amplitude modulation is achieved by tuning the bias
voltages of the plungers from the sensors that are read out
simultaneously, such that each sensor response will result
in distinct current amplitudes. The currents from all the
sensors can then be added into a single output line and the
total current amplitude can be used to decode the responses
of all the sensors. The number of parallel readouts using
this technique will be limited by the signal-to-noise ratio
of the sensor response.

Frequency and phase modulation are achieved by apply-
ing rf reflectometry [39]. This technique requires the
design of resonant circuits that connect to the Ohmics of
the charge sensor. The challenge with this multiplexing
strategy is that in order to use multiple frequencies com-
bined into a single output line at the qubit plane boundary,
the resonant circuits will need to be implemented locally,
significantly increasing the footprint requirements of the
control electronics.

The evolution in state-of-the-art spin-qubit
measurement techniques will determine the most feasible

(a) (b)

FIG. 7. Crossbar scheme to control local patches of qubits. (a)
Crossbars connect all columns and rows of qubits in the array.
None of the crossbar lines are activated and the surface code runs
on the entire array. (b) Example of the creation of a defect, where
the crossbars in green are activated, disabling the qubits inside
the dashed green rectangle from tunneling onto the shuttling
channel.
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readout multiplexing strategy that can be applied in this
architecture.

IV. LINE SCALING

The local electronic circuits described above allow for
significant sharing of control lines, which results in a very
efficient scaling of the ratio of the number of interconnects
at the quantum plane boundary to the number of lines at the
unit-cell level. The line scaling factors obtained for each
type of control and measurement signal are summarized in
Table III. We note that some additional interconnects will
be required at the unit-cell and module levels in order to
route connections to adjacent cells.

The sample-and-hold circuits for independent dc bias-
ing of the gates require O(M 2

b + Nb) lines at the quantum
plane boundary. Concretely, at the unit-cell level, four dig-
ital address lines [green lines in Fig. 5(a)] and four enabler
lines (orange lines) select a specific output of one demul-
tiplexer, which is set to the correct voltage via a single
connection to a voltage source (i.e., dcDAC) outside the
quantum plane. This makes a total of nine lines required
for dc biasing. At the module level only the enabler lines
scale with the number of unit cells as 4Nb. Meanwhile, the
four digital address lines and the connection to the voltage
source is shared between all unit cells in a module. Every
module is served by one dcDAC, so at the quantum plane
level M 2

b connections to dcDACs are needed, while both
the digital address lines and the enabler lines are shared
between all modules.

Shuttling of electrons across the array requires four
signals that can be fully shared over the entire array.

Since all pulsed and microwave control signals can be
shared across all unit cells in the array, a constant num-
ber of 58 of these lines (see Table II) are required at
the quantum plane boundary to sustain the surface code,
irrespective of the total number of qubits.

To control the switches that disable shuttling of qubits
from the idle region, we propose to use x crossbars, in order
to allow for x qubit patches to be simultaneously created
and manipulated, therefore accommodating approximately
x logical qubits. To obtain an estimate of x, we first
consider that the number of physical qubits required to
implement a logical qubit will depend on the maximum
error correction distance dc, measured as the number of
neighboring physical qubits that can have errors before the
logical qubit produces an error. The maximum number of
logical qubits that will fit in the array will then depend on
the chosen logical qubit implementation [40]:

xmax,DQ ≈ 2U
3d2

c
(defect qubits),

xmax,LS ≈ U
d2

c
(lattice surgery),

(2)

with U = M 2
b N 2

b the number of unit cells in the array. In
this line-counting exercise, we consider that each of the
crossbars span the entire array, which requires two hori-
zontal and two vertical lines per unit cell. The number of
crossbar lines then scales with Nb and NbMb at the module
and quantum plane levels, respectively. This is a worst-
case estimate, since we envision that it will be good enough
to define crossbars over partial sections of the array, there-
fore reducing the total line count. In addition, the number
of lines required per crossbar for lattice surgery will likely
be significantly less than for defect qubits, since only the
interstitial qubits need to be locally addressed.

For the readout signals, a unit cell contains two charge
sensors that both require a connection to their plunger and
share a single Ohmic line. A module requires a single
Ohmic line, and the plunger line scaling will depend on
the multiplexing technique used. Performing q sequential
readouts will require log2 q lines to address the readout
decoders. Simultaneous readout of r unit cells will just
require a single line that connects all the plungers together.
Therefore, a readout module consisting of N 2

r = qr unit
cells will require 2 log2 Nr − log2 r+ 1 lines in total for
the readout scheme. To read out the full quantum plane,
all M 2

r modules require their own Ohmic line, while the
address lines for the readout demultiplexers are shared.

A. Module size considerations

From the total achievable signal connections at the
quantum plane boundary (see Table III), it is clear that
Rent’s exponent will be minimized if the module size
is made as large as possible (i.e., maximize N and thus
minimize M ).

The main consideration for the dc bias module size Nb
is the required refresh rate of the sample-and-hold circuits.
Leakage current from the hold capacitors will cause a drift
in the dc bias voltage on the gates dV/dt [38,41]. The ratio
between the voltage drift and the required voltage stability
(which we assume equals the voltage resolution �V) will
determine the minimum refresh rate

fc = dV/dt
�V

. (3)

The leakage current is very technology dependent and
values are not readily available for state-of-the-art inte-
grated capacitor technology. To date, there have only been
two proof-of-principle demonstrations of sample-and-hold
circuits integrated with qubit device gates, with reported
dV/dt values ranging from 2 μV/s [41] to 0.1 V/s [38].
Using these values, we obtain minimum refresh rates rang-
ing from fc = 2 Hz to 100 kHz, limited by the sample-
and-hold circuits with fine resolution �Vf = 1 μV. The
module size will then set the minimum clock frequency
required to run the dc biasing demultiplexers fb = 64N 2

b fc.
Therefore, the maximum module size will be limited by
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TABLE III. Scaling of the number of local connections at different levels of the array.

Connection level

Type of line Unit cell Module Quantum plane

dc biasing 9 4Nb + 5 M 2
b + 4Nb + 4

Shuttling 4 4 4
Pulsed signals and MW 58 58 58
Logical operations 4x 4Nbx 4NbMbx
Readout 3 2 log2 Nr − log2 r+ 1 M 2

r + 2 log2 Nr − log2 r
Total 74+ 4x 4Nb(1+ x)+ 2 log2 Nr M 2

b +M 2
r + 4Nb(1+Mbx)

− log2 r+ 68 +2 log2 Nr − log2 r+ 66

the feasibility of distributing the dcDAC signals across the
array, which becomes more difficult as fb increases. This
issue will be discussed in more detail below.

The readout module size has two limiting factors. The
number of parallel readouts r through a single line will
depend on the feasibility of applying readout multiplex-
ing techniques. As readout is generally the operation that
takes the most amount of time, q will need to be kept to
a minimum in order to restrain tSC to within the appropri-
ate bounds of coherence that will achieve a good quantum
memory.

V. FOOTPRINT

We now consider the footprint requirements of the con-
trol electronics that need to be locally integrated in the
quantum plane. This is the minimum area that needs to
be available adjacent to the qubits, and therefore sets the
minimum qubit pitch d. The most significant contribution
to the footprint comes from the capacitors that are required
for the sample-and-hold scheme. As summarized in Table
II, 32 gate electrodes per unit cell require a fine voltage
resolution and another 32 gates require coarse resolution,
which comprise a total capacitance per unit cell of about
450 pF. Assuming about 1 pF/μm2 (using state-of-the-art
deep-trench capacitor technology [42]), we estimate a total
capacitor footprint Ac ≈ 450 μm2. In addition, we model
a decoder circuit using 40-nm technology (see Appendix
A for details) and obtain an estimate of the total foot-
print of the required demultiplexers Ad ≈ 180 μm2 per
unit cell. This adds to a total footprint per unit cell of
Au ≈ 630 μm2, which allows us to set the qubit pitch
to d � 13 μm. Assuming a 50-nm pitch between gate
electrodes, this would require linear arrays of 260 gate
electrodes per lattice arm and would set the unit cell area
to 4 d2 ≈ 676 μm2.

The required unit-cell footprint sets the qubit pitch and
consequently the perimeter through which the required
interconnects have to enter and leave the unit cell. To eval-
uate the feasibility of implementing the spiderweb array
gate structure integrated with the local control electronics,
we construct a circuit model in CADENCE (see Appendix
B for details) with realistic parameters that includes all

the essential components and connection routing scheme
described here, using a total of four metal layers. To obtain
an estimate of the maximum number xmax,fab of crossbars
that can be added for the implementation of logical qubits,
we need to first estimate the maximum number of inter-
connect lines that can be routed across the perimeter of a
unit cell Nlines = 8dNlayers/�i, where Nlayers is the number
of metallic layers that can be used for routing and �i is
the pitch of the interconnect lines. Then xmax,fab = Nlines/8,
since each of the four crossbar lines will cross the unit-cell
perimeter twice. Assuming current numbers from the latest
device roadmap report [43] Nlayers = 12 and �i = 80 nm,
we estimate xmax,fab ≈ 2000.

VI. HEAT DISSIPATION

As with all quantum processors that will operate at cryo-
genic temperatures, it is necessary to ensure that the heat
dissipated during the operation is kept to within the strin-
gent requirements set by the cooling power available [14].
In this section we discuss some of the main sources of heat
dissipation in the spiderweb array.

Routing of the signal lines across the chip requires a
high density of metallic lines at the different interconnect
levels, which results in parasitic capacitances between the
lines. Any oscillating or pulsed signal on these lines will
dissipate energy due to the charging and discharging of
these parasitic capacitances. Using the interconnect circuit
model drawn in CADENCE as a guide, we consider the two
layers with the highest line density as a regular grid of
metal lines and use this to obtain an estimate of Cp = 700
fF for the total parasitic capacitance of the signal lines in a
unit cell (see Appendix C 1 for details). When a capacitor
Cp is charged by a voltage source vp , the energy stored in
the capacitor (0.5Cpv

2
p ) is half the energy supplied by the

source (Qvp = Cpv
2
p ). The other half is dissipated by the

circuit as heat by the parasitic resistance between the volt-
age source and the capacitor, independent of the resistance
value. This is known as the dynamic power dissipation
from the parasitic capacitance and can be expressed as

Pp = 1
2 Cpv

2
p fp , (4)
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where vp and fp are the amplitude and frequency of the
pulses applied to the lines. We note that this estimate
includes power dissipated both by the signal lines and
the driving circuit—which will be outside the quantum
plane—so it should be taken as a worst-case estimate.

Next, we estimate the dissipation for the sample-and-
hold circuits, which comes mainly from the dynamic
power consumption of the network of transistor switches
driving the hold capacitors. We use the decoder model
introduced in Sec. V and described in Appendix A to
estimate a maximum energy dissipation of 0.35 pJ for
a 4-bit decoder cycling through all 16 outputs. Using
the worst-case 100 kHz gate refresh rate previously esti-
mated, we obtain the transient power dissipation Pd < 140
nW for four demultiplexers in a unit cell, noting that
capacitor leakage rates in state-of-the-art technologies will
likely make this dissipation orders of magnitude lower.
Additional capacitive-load power from charging and dis-
charging the array of hold capacitors is negligible (about a
femtowatt per unit cell).

Another important consideration is the power dissipated
due to the finite resistance of lengthy lines carrying ac sig-
nals. We model the signal lines as transmission lines with
finite resistance and parasitic capacitance to ground (see
Appendix C 2 for details), to obtain the following expres-
sion for the power dissipation of a line running above a
unit cell of length 2d = 26 μm:

Pt = 1.1
nW ns2

V2 (vtft)2 (5)

with vt and ft the amplitude and frequency of the signal,
respectively.

The total power that will be dissipated by the operation
of the entire array will then be

PT = U(Pp + Pd + Pt). (6)

VII. EXAMPLE: A MILLION-QUBIT ARRAY

To illustrate the advantages of implementing this archi-
tecture on a large scale, let us consider a spiderweb array
of 220 (approximately 106) qubits, or U = 218 unit cells.

To make a concrete assessment of the line scaling,
we assume a dc biasing module size N 2

b = 1024, with
M 2

b = 256 modules to complete the array. This sets the
maximum clock frequency of the biasing demultiplexers
to fb ≈ 6 GHz. We assume a measurement multiplexing
strategy with q = 4 sequential readouts of sets of eight
SC-ancilla qubits read out in parallel using amplitude, fre-
quency, and/or phase multiplexing (r = 4). This implies
a readout module size N 2

r = 16 and M 2
r = 16 384. Omit-

ting for the moment the crossbars required to implement
logical qubits, and using the result in Table III, the array
contains a total of c = 74 connections per unit cell and T =
16 836 connections at the quantum plane boundary. Using

the formula for Rent’s rule T = cUp , we extract a Rent’s
exponent p = 0.43. Adding crossbar circuits will increase
Rent’s exponent to a maximum p = 0.5 for x � 200 (see
Appendix E for further discussion).

Considering that state-of-the-art qubit fidelities require a
code distance dc ≈ 16 to perform complex quantum algo-
rithms [40], we can estimate upper bounds of x from Eq.
(2): xmax,DQ ≈ 700 and xmax,LS ≈ 1000.

The total area covered by the quantum plane of this
million-qubit array with local control electronics will be
(2dNM )2 ≈ 177 mm2. The remaining area on, for exam-
ple, a 22× 33 mm2 (726 mm2) die is about 550 mm2,
and can be used to implement classical control circuits,
i.e., among others the pulsed voltage sources we have
described. In addition, additional levels of multiplexing
can be employed to bring the off-chip wire count, typically
being the real bottleneck for Rent’s rule, to well below the
wire count at the quantum plane boundary.

We can evaluate the total duration of a surface code
cycle by estimating the operation times in Eq. (1). From
recent modeling of a shuttling protocol similar to that used
here [44], we estimate that with a 50-nm gate pitch we
can achieve tsh ≈ 50 ns, maintaining > 99.9% fidelity. We
note that a recent experimental demonstration of this shut-
tling protocol [13] showed shuttling fidelities > 90% for
distances of about 420 nm, an encouraging initial result
towards the feasibility of this protocol at larger scales.
State-of-the-art quantum-dot qubit systems with operation
mechanisms similar to those proposed here have demon-
strated Rabi frequencies and exchange couplings of about
10 MHz [5,8,45], which correspond in our system to
t1q, tsw ≈ 25 ns. In addition, those same systems exhibit
dephasing times as long as T∗2 ≈ 20 μs. High-fidelity
readout using Pauli spin blockade has been achieved on
timescales tr ≈ 1 μs [33,34]. Assuming these operation
times, we estimate that an entire surface code cycle will
take tSC ≈ 6 μs, more than 3 times shorter than the coher-
ence time.

Finally, we calculate the power dissipation from the
sources described in Sec. VI. To estimate the power dis-
sipated from the parasitic capacitance of the interconnects,
we first note from Table III that the bulk of lines that need
to be routed above the unit cell corresponds to pulsed sig-
nals for qubit operations. These signal lines will need to
be activated on average about 6 times per surface code
cycle, from which we estimate fp ≈ 1 MHz. Assuming
that vp ≈ 1 V of pulse amplitude on these lines, we can
use Eq. (4) to estimate UPp � 90 mW for these lines.
The biasing multiplexers will dissipate UPd � 40 mW for
the entire array. We use Eq. (5) to calculate the power
dissipation of the lossy transmission lines carrying the
higher-frequency signals. The MW signals used for single-
qubit control are relatively low amplitude and pulsed with
very short duty cycle, so their power dissipation will be
negligible. A larger contribution will come from the lines
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that carry the signals for the shuttling channels, since they
will be nearly continuously activated. Assuming a voltage
amplitude vt = 1 V and frequency ft = 1 GHz, we estimate
UPt � 0.3 mW. These estimates suggest that the parasitic
capacitance and the local demultiplexers will be the main
contributors to the total power dissipation in the array,
with a million-qubit spiderweb array expected to dissipate
power of the order of 100 mW. This is well within the
cooling power capabilities for 1 K operation using state-of-
the-art cryogenic technologies. We can also estimate how
well this power can be transferred from the chip to the
cryogenic environment with currently used heat sinking
techniques. Recent work [46] studying a CMOS integrated
chip in a cryogenic environment (3 K) found that a circuit
dissipating 200 mW increased the chip temperature by 7
K over an area of about 4 mm2. Considering that the qubit
plane area is 40 times larger than that, we can roughly esti-
mate about 0.2 K of self-heating in the qubit plane of the
spiderweb array.

VIII. DISCUSSION

The goal of this work is to provide insight into the fea-
sibility of implementing a quantum hardware architecture
with integrated local control electronics. We show that,
with reasonable assumptions regarding quantum and clas-
sical fabrication and measurement techniques, a million-
qubit array made from spins in quantum dots is achievable.
We use the state of the art in quantum-dot qubit devel-
opment to consider a range of technical implementation
aspects, and now discuss some of the open questions that
will need to be addressed based on how the technology
evolves. As with most other electrically controlled solid-
state qubit architectures, the distribution of high-frequency
signals is not trivial, with potential issues such as standing
waves and signal synchronization across the array. Some
additional local circuitry will likely be needed to solve
these issues.

Furthermore, qubit operation performance could be sig-
nificantly improved with significant restructuring of the
array topology, to place micromagnets at the qubit idle
regions and add a fast gate to perform single-qubit gates.
This would reduce the number of shuttles per surface code
cycle, allow for dynamical decoupling during idle times to
extend coherence times, and correct phase errors that may
arise, e.g., from the shuttling process.

If the number of crossbars becomes the limiting factor
to Rent’s exponent, it would be beneficial to move the dc
biasing and readout demultiplexers outside the quantum
plane. This would reduce the footprint and in turn relax
the shuttling performance requirements.

This work builds on previous large-scale qubit architec-
tures based on quantum dots, focusing on the implemen-
tation of integrated classical and quantum electronics. We
believe it will help identify the key areas of technological

development required to shortcut the path towards building
the future generation of quantum computers.
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APPENDIX A: DEMULTIPLEXER DESIGN

In order to estimate the footprint and the power con-
sumption of the demultiplexer used to route the dc biasing
to the gates in a unit cell, we model a 1-to-16 demulti-
plexer using a 4-bit digital decoder driving an array of
16 switches. As explained in the main text, each unit cell
accommodates four 4-bit demultiplexers to bias 64 gates,
so that the demultiplexers can be easily placed in the four
free areas within the quantum-dot grid.

The switches can be implemented as a simple transis-
tor switch (NMOS or PMOS) or by a pass gate (NMOS
and PMOS in parallel) depending on the voltage lev-
els expected by the gates, the demultiplexer supply, and
the threshold voltage of the transistors in the employed
technology. Because of the increased threshold voltage at
cryogenic temperatures with respect to room temperature,
a dead zone for voltage biasing around mid supply may
appear, in which even the pass-gate impedance could be
too high to allow proper biasing of the gates in the unit cell
[47]. Possible alternatives could then be the well-known
bootstrapped switches or the use for thick-oxide transistors
driven by level shifters (or eventually driven by a thick-
oxide decoder). Noting that the abovementioned design
choices strongly depend on the required dc biasing lev-
els, we assume approximate 1 V outputs and design a
standard thin-oxide decoder in a nanometer CMOS tech-
nology driving single-transistor switches. Independent of
the design choice, we expect the effective footprint and
energy to be well within an order of magnitude of the
reported estimates.

A 4-bit decoder enabled by the combination of a row
and column address (see Fig. 4) has been designed in VER-
ILOG and synthesized using a commercial TSMC 40-nm
CMOS process. After place and route, the decoder occu-
pies an area of 36 μm2. By budgeting 25% extra area for
the switch array, each demultiplexer would occupy 45 μm2

in a 40-nm CMOS, and the total footprint required to fit
four demultiplexers in a unit cell will be Ad = 180 μm2.

To estimate the power dissipation, the decoder binary
input has been swept from 0000 to 1111, leading to an
energy dissipation between 0.2 and 0.35 pJ from a 1-
V supply for the whole 16-phase cycle for a decoder
load ranging from 1 to 10 fF to emulate the switch input
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1 µm

FIG. 8. Shuttling arm of the spiderweb array (> 6 μm) consisting of concatenated sets of four-gate electrodes residing in the bottom
metal layer (blue). Every fifth gate electrode is connected together via the second metal layer (red). Vias (cyan) connect the two metal
layers and are arranged in a staggered configuration to enable interconnect routing. All gate electrodes carry a sinusoidal signal with
equal frequency and amplitude, with a phase shift of π

2 between neighboring gates in order to create a traveling-wave potential.

capacitance. A unit cell containing four demultiplexers
will then dissipate a maximum energy of 1.4 pJ. This esti-
mate uses the standard room-temperature device models
and includes the parasitics extracted from the layout, but
excludes the power required to drive the demultiplexer
inputs.

APPENDIX B: CADENCE DRAWINGS

In order assess more concretely the feasibility of imple-
menting the local classical control electronics described in
the spiderweb array, we draw a unit cell with all its ele-
ments using CADENCE circuit design software. Although
we use realistic gate pitch and width dimensions (80 nm)
for the densest part of the array, the drawings do not
strictly follow design rules and are not optimized, as they
are intended as an illustrative feasibility exercise. Addi-
tionally, we do not implement the connection that will be
required for readout (these will depend on the exact imple-
mentation) or the lines connecting the dcDACs outside of
the quantum plane to the local demultiplexers. Footprint
is reserved for the local demultiplexers themselves based
on the design described above, but they are not imple-
mented explicitly. We do not draw the two-dimensional
electron gas (2DEG) channels that run underneath the end
of the gate electrodes, which are electrostatically depleted
to create quantum dots.

For all the drawings presented, we use the following
color convention: metal layers from lowest to highest are
blue, red, green, and pink, while vias connecting different
layers are represented by squares colored cyan, orange, and
purple, connecting to the second, third, and fourth layers,
respectively. White areas represent doped regions.

Figure 8 shows the drawing of an approximate 6.5 μm
shuttling arm. Identical copies of these shuttling arms link
every qubit idling and operation regions to form the spi-
derweb array. The 2DEG channel runs horizontally in the
top of the image below the tips of the blue gate electrodes.

Figure 9 show the two types of operation regions, as
shown schematically in Fig. 2 of the main text. In these
images, the 2DEG channels run below the tips of the
blue gate electrodes, along the horizontal white line in
the center. To combine dc biasing signals with ac pulses,

the quantum-dot gates are connected to dc biasing capac-
itors in a sample-and-hold scheme, as explained in detail
in the main text. Coarse-resolution capacitors are visible
in Fig. 9 (yellowish structures). For simplicity, we have
represented these capacitors here by parallel plate capaci-
tors, although we envision using more advanced capacitor
types that have a higher capacitance per unit area. The
capacitor footprint used in these drawings (and not the par-
allel plate capacitance that it represents) is in agreement
with our estimates in the main text. The gate electrodes
for which their capacitor is not seen in the image con-
nect to larger, fine-resolution capacitors that are not shown
here, but are visible (as larger greenish hatched squares) in
Fig. 12 below. The green wires from the third metal layer
carry the ac signals and are routed to the corresponding
gates in neighboring unit cells. The top part of Fig. 9(a)
shows two doped square regions in white that serve as
source and drain reservoirs for the sensing dot, as well as
electron reservoirs for initialization of the spiderweb array.
The other doped regions in Fig. 9 are part of the capaci-
tor structures. Connections to the boundary of the quantum
plane for any of these doped regions are not implemented.
In the bottom part of Fig. 9(a) a short connection via
the second metal layer (red) is required to bypass another
metal line before connecting to the third metal layer
(green).

The qubit idle region is surrounded by four shuttling
arms, as shown in Fig. 10. The four gates directly adja-
cent to the qubit idle region act as gate keepers that control
the transfer of electrons into the shuttling arms. They are
activated through a transistor structure arranged in an AND
configuration. Two of these transistors are visible in the
top right and bottom left of the images, while the remain-
ing two transistors are outside the field of view. The fourth
metal layer (pink) connects the transistors to the gate elec-
trodes, as is visible in Fig. 10(c). The second ring of
gate electrodes around the qubit idling region (i.e., the
first set of shuttling gates) connect to a line in the sec-
ond metal layer (red), visible in Fig. 10(a). The subsequent
three rings of gate electrodes that make up the rest of the
shuttling set connect to three lines from the third metal
layer (green), visible in Fig. 10(b). The horizontal green
wires that are visible in Fig. 10(b) connect the shuttling
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(a)

1 µm
1 µm

(b)

FIG. 9. The two types of qubit operation regions, showing gate configurations for (a) single- and two-qubit operations, as well as
readout, and (b) two-qubit operations only. The rulers indicate a length of 1 μm.

signals to the next qubit idle regions, and the vertical pink
wires in Fig. 10(c) connect the ac signals in adjacent unit
cells together. The idle regions for ancilla and data qubits
are very similar, with minor differences to allow for the
crossbar addressing to prevent data qubits from being shut-
tled in the surface code operation. The images shown here
correspond to the ancilla qubits.

Figure 11 progressively shows larger areas of the
CADENCE drawing, leading to the drawing of the full unit
cell in Fig. 12. All layers are included in both figures.
Both panels of Fig. 11 are centered on the qubit idling
region. The horizontal (red and pink) and vertical (green
and pink) wires connect the ac signals in adjacent unit cells
together. The open areas visible in the corners of Fig. 11(b)
and as nine green open squares in Fig. 12 are reserved
footprints for the local demultiplexers used for dc bias-
ing. The greenish hatched squares on the perimeter of the
full unit-cell image are fine-resolution capacitors for the
sample-and-hold scheme.

We draw the unit cell, with a qubit pitch of about 13 μm,
in such a way that it can be tiled horizontally and verti-
cally to form modules, with lines ending at each edge of
the unit cell aligned to connect to their respective counter-
parts at the opposite edge of the adjacent unit cells, and the
ancillary structures (such as the fine-resolution capacitors)
neatly complement each other.

APPENDIX C: HEAT DISSIPATION ESTIMATES

1. Parasitic capacitance

To assess the heat dissipation of the signal lines, we con-
sider the dominant contribution from the parasitic capaci-
tance caused by having metallic lines next to each other,
as well as overlapping across layers. Here we estimate this
capacitance based on simplified models, noting that a more

accurate estimate can be obtained using capacitance simu-
lation software. We consider a grid of metallic lines such
as that shown schematically in Fig. 13, consisting of a
set of parallel lines in one layer, overlapped by another
set of orthogonally placed lines placed on a layer above.
The two main contributors to the total parasitic capacitance
will be the capacitance between parallel lines in the same
layer C1 and the capacitance caused by overlapping metal
regions across two layers C2. The total parasitic capaci-
tance of a metallic grid with Nl lines per layer is then Cp =
2NlC1 + N 2

l C2. We consider both the parallel plate capac-
itances and the fringe capacitance between metal edges, to
obtain the capacitance model [48,49]

C1 = εL
{

H
d1
+

[
377πv0 ln

(
−2
√

α1 + 1√
α1 − 1

)]−1}
,

C2 = εW
(

3.285
W
d2
+ 9.01α2 − 8.696α2

2

)
,

with

α1 = d1

d1 + 2W
and α2 = H

H + 0.2d2
,

where L, W, and H are the length, width, and height of a
metal line; d1 is the distance between neighboring metal
lines in the same layer; d2 is the thickness of the dielectric
separating two layers; ε is the permittivity of the dielectric
between metals; and v0 is the speed of light in vacuum.

To estimate the Cp of a unit cell, we consider the bot-
tom two layers as the main contributors, since they contain
the highest density of signal lines. Metal layers higher up
would have signal lines separated widely, thus bringing
in less parasitic capacitance. Vias that make connections
between layers introduce a parasitic capacitance as well,
while it would be reduced through proper layout design

024053-13



JELMER M. BOTER et al. PHYS. REV. APPLIED 18, 024053 (2022)

(a)

500 nm

(b)

(c)

FIG. 10. The qubit idling region, showing (a) the first two, (b) three, and (c) four metal layers.

that avoids placing vias close together. Using the draw-
ings in Appendix B as a guide, we assume that Nl =
150, L = 24 μm, W = 80 nm, H = 50 nm, d1 = 80 nm,

and d2 = 500 nm. The dielectric is assumed to be SiO2,
making ε = 3.9ε0, where ε0 is the vacuum permittivity.
From this we obtain the estimate Cp ≈ 700 fF used to
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(a)

500 nm

(b) 2 µm

FIG. 11. Zoomed-out images of the qubit idle region. The light green rectangle in (a) corresponds to the area shown in Fig. 10. The
yellow square in (b) has a dimension of about 4.4 μm and indicates the area shown in (a).

calculate this portion of the power dissipation in the main
text.

2. ac transmission lines

To estimate the power dissipated by lossy transmission
lines, we model a segment of transmission line running
above a unit cell, as a resistor Rt in series with a capac-
itor Ct to ground. The amplitude of the current drawn
by the capacitor while sustaining a signal of amplitude
vt and frequency ft is ic = 2πvtftCt. This current flowing
through the finite resistance will cause a power dissipation
Pt = i2cRt/2 = 2Rt(πvtftCt)

2. Assuming transmission lines
with capacitance to ground of about 0.2 fF/μm and a sheet
resistance of about 0.1 �/� [50] with a width of about
1 μm, we obtain the expression in Eq. (5) used in the cal-
culation in the main text. This is a conservative estimate for
our application, since the resistance of the lines is expected
to reduce at cryogenic temperatures [51].

APPENDIX D: USING THE SQUARE-ROOT-SWAP
OPERATION IN THE SURFACE CODE CYCLE

A scalable scheme for implementing error-correction
cycles in a surface code for superconducting qubits has
recently been presented [35], where an effective controlled-
NOT (CNOT) gate is applied by combining a conditional
phase gate with appropriate single-qubit Hadamard (H)
operations. Here we implement a similar scheme, adapted
to efficiently accommodate the square-root-SWAP (

√
Sw)

operation, i.e., the native two-qubit gate of the spiderweb

array, defined as

√
Sw = 1

2

⎛
⎜⎝

2 0 0 0
0 1+ i 1− i 0
0 1− i 1+ i 0
0 0 0 2

⎞
⎟⎠

=
√

2
2

⎛
⎜⎜⎝

√
2 0 0 0

0 eiπ/4 e−iπ/4 0
0 e−iπ/4 eiπ/4 0
0 0 0

√
2

⎞
⎟⎟⎠ .

We propose
√

Sw modifications of the X and Z plaque-
ttes that are the building blocks of larger error-correction
schemes.

1. Entangling phase gate

An explicit calculation of an operator product proposed
in Refs. [1,52] yields

√
Sw(R[1]

z (π)⊗ I [2])
√

Sw = −iSp , (D1)

where we have defined the phase gate as

Sp =

⎛
⎜⎝

1 0 0 0
0 i 0 0
0 0 −i 0
0 0 0 −1

⎞
⎟⎠ .

This relation is pictorially shown in Fig. 14(a) and in what
follows the Sp gate will be depicted as in Fig. 14(b).

Note that Sp is an entangling gate, in the sense that it
can map a product state into an entangled state. This is
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10 µm

FIG. 12. Full unit cell of the spiderweb array. The distance between two qubit idle regions is about 13 μm.

most easily verified by using the concurrence of a two-
qubit state. Its Hermitian conjugate S†

p can be written as
−iS†

p =
√

Sw[I [1] ⊗ R[2]
z (π)]

√
Sw.

The controlled-phase gate CZ may be used as the prim-
itive data-ancilla interaction in a surface code [35]. With
only two single-qubit rotations, this CZ gate is constructed
from Sp as

CZ = [R[1]
z (π/2)⊗ I [2]][I [1] ⊗ R[2]

z (−π/2)]Sp

= [R[1]
z (π/2)⊗ R[2]

z (−π/2)]Sp . (D2)

Since the three matrices involved are diagonal, they com-
mute and the order of applying the operations is immate-
rial. This can be advantageous in actually implementing
error-correction cycles. To this end, the following relation

with the Hermitian conjugate is convenient as well:

CZ = [R[1]
z (−π/2)⊗ I [2]][I [1] ⊗ R[2]

z (π/2)]S†
p

= [R[1]
z (−π/2)⊗ R[2]

z (π/2)]S†
p . (D3)

If one alternatively desires the CNOT gate as the primi-
tive data-ancilla interaction [35], two additional Hadamard
gates are necessary [30]. The result can be written as

CN = i[R[1]
z (π/2)⊗ I [2]][I [1] ⊗ R[2]

z (π/2)]

× [I [1] ⊗ R[2]
x (π/2)]Sp(I [1] ⊗H[2]). (D4)

Here, noncommuting operators have to be applied in the
right order. A similar relation involving S†

p can be readily
be derived.
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80 nm
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 µ
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FIG. 13. Schematic of signal lines in a 24× 24 μm2 unit cell.
The line width and lateral distance in between are both 80 nm.
The first layer (blue) and second layer (green) are separated by
presumably 500-nm SiO2 (not shown in this top-view figure).

2. Surface code cycles

We adapt the pipeline-based error-correction scheme
[35] to use it with the Sp operator described above. To
achieve this, we are only required to reanalyze the X -type
and Z-type plaquettes using the CZ ancilla-data interaction.

For the X -type plaquette, we insert H = Ry(π/2)Z =
ZRy(−π/2) for all Hadamard operations. The CZ gates
are to be implemented as in Eq. (D2); here the actual
realization of Sp as in Eq. (D1) is implicitly assumed
but irrelevant for the remaining analysis. Because of the
earlier mentioned commutativity of the diagonal oper-
ators, the circuit can be readily simplified. In particu-
lar, the Z operators stemming from the initial and final
Hadamard gates combine to the identity. The Z rotations
can be combined as well. All final Hadamard gates are
replaced by Ry(π/2). The CZ ancilla-data operations are
replaced by Sp gates without changing the time ordering.

(a)

(b)

FIG. 14. The Sp gate. (a) Decomposition in a quantum circuit
diagram. (b) Simplified circuit diagram representation.

(a)

(b)

FIG. 15. Quantum circuits for surface code cycles. (a) Type-X
plaquette. (b) Type-Z plaquette.

The initial Hadamard operation on the ancilla is replaced
by [Rz(π/2)]4Ry(−π/2) = −Ry(−π/2), where the minus
sign can be omitted. The initial Hadamard data-qubit
gates are replaced by the product Rz(−π/2)Ry(−π/2).
The resulting circuit diagram for the X -plaquette cycle is
depicted in Fig. 15(a).

The Z plaquette is modified analogously. The final
Hadamard gate on the ancilla is again replaced by Ry(π/2),
whereas the initial Hadamard operation is replaced by
−Ry(−π/2). Once more, CZ ancilla-data operations are
replaced by Sp gates at the same instant in time. For the
data qubits, rotations Rz(−π/2) have to be added at some
instant in time. In the circuit shown in Fig. 15(b), it is done
at the onset.

These building blocks can be used to construct depth-
nine quantum circuits for parallel as well as pipeline-based,
quantum-error-correction cycles of a surface code; the
proposed scheme is scalable.

APPENDIX E: RENT’S EXPONENT
CONSIDERATIONS

We calculate Rent’s exponent using

p = logU

(
T
c

)
,
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FIG. 16. Rent’s exponent as a function of the number of cross-
bars used for logical operations in the spiderweb array. All other
counts in parameters that affect Rent’s exponent are as per the
example in Sec. VII.

where, as per Table III, T = M 2
b +M 2

r + 4Nb(1+Mbx)+
2 log2 Nr − log2 r+ 66 is the total number of connections
on the quantum plane, c = 74+ 4x is the number of con-
nections in a unit cell, and U is the number of unit
cells.

Using the numbers presented in the example in Sec. VII,
we obtain the quoted value p = 0.43 for an array without
any cross bar circuits (x = 0, i.e., a single-qubit memory).
As we add crossbar circuits for the implementation of logi-
cal operations, Rent’s exponent will increase as per Fig. 16
and saturate at a value of 0.5.

[1] D. Loss and D. P. DiVincenzo, Quantum computation with
quantum dots, Phys. Rev. A 57, 120 (1998).

[2] F. A. Zwanenburg, A. S. Dzurak, A. Morello, M. Y. Sim-
mons, L. C. L. Hollenberg, G. Klimeck, S. Rogge, S.
N. Coppersmith, and M. A. Eriksson, Silicon quantum
electronics, Rev. Mod. Phys. 85, 961 (2013).

[3] M. Veldhorst, J. C. C. Hwang, C. H. Yang, A. W. Leenstra,
B. de Ronde, J. P. Dehollain, J. T. Muhonen, F. E. Hudson,
K. M. Itoh, A. Morello, and A. S. Dzurak, An addressable
quantum dot qubit with fault-tolerant control fidelity, Nat.
Nanotechnol. 9, 981 (2014).

[4] E. Kawakami, T. Jullien, P. Scarlino, D. R. Ward, D. E. Sav-
age, M. G. Lagally, V. V. Dobrovitski, M. Friesen, S. N.
Coppersmith, M. A. Eriksson, and L. M. K. Vandersypen,
Gate fidelity and coherence of an electron spin in a Si/SiGe
quantum dot with micromagnet, PNAS 113, 11738 (2016).

[5] J. Yoneda, K. Takeda, T. Otsuka, T. Nakajima, M. R. Del-
becq, G. Allison, T. Honda, T. Kodera, S. Oda, Y. Hoshi,
N. Usami, K. M. Itoh, and S. Tarucha, A quantum-dot spin
qubit with coherence limited by charge noise and fidelity
higher than 99.9%, Nat. Nanotechnol. 13, 102 (2018).

[6] X. Xue, T. F. Watson, J. Helsen, D. R. Ward, D. E. Sav-
age, M. G. Lagally, S. N. Coppersmith, M. A. Eriksson,
S. Wehner, and L. M. K. Vandersypen, Benchmarking gate
fidelities in a Si/SiGe two-qubit device, Phys. Rev. X 9,
021011 (2019).

[7] W. Huang, C. H. Yang, K. W. Chan, T. Tanttu, B. Hensen, R.
C. C. Leon, M. A. Fogarty, J. C. C. Hwang, F. E. Hudson, K.
M. Itoh, A. Morello, A. Laucht, and A. S. Dzurak, Fidelity
benchmarks for two-qubit gates in silicon, Nature 569, 532
(2019).

[8] T. F. Watson, S. G. J. Philips, E. Kawakami, D. R. Ward,
P. Scarlino, M. Veldhorst, D. E. Savage, M. G. Lagally,
M. Friesen, S. N. Coppersmith, M. A. Eriksson, and L.
M. K. Vandersypen, A programmable two-qubit quantum
processor in silicon, Nature 555, 633 (2018).

[9] J. Yoneda, K. Takeda, A. Noiri, T. Nakajima, S. Li,
J. Kamioka, T. Kodera, and S. Tarucha, Quantum non-
demolition readout of an electron spin in silicon, Nat.
Commun. 11, 1144 (2020).

[10] X. Xue, B. D’Anjou, T. F. Watson, D. R. Ward, D. E.
Savage, M. G. Lagally, M. Friesen, S. N. Coppersmith,
M. A. Eriksson, W. A. Coish, and L. M. K. Vandersypen,
Repetitive quantum nondemolition measurement and soft
decoding of a silicon spin qubit, Phys. Rev. X 10, 021006
(2020).

[11] J. Yoneda, W. Huang, M. Feng, C. H. Yang, K. W. Chan,
T. Tanttu, W. Gilbert, R. C. C. Leon, F. E. Hudson, K. M.
Itoh, A. Morello, S. D. Bartlett, A. Laucht, A. Saraiva, and
A. S. Dzurak, Coherent spin qubit transport in silicon, Nat.
Commun. 12, 4114 (2021).

[12] T. A. Baart, M. Shafiei, T. Fujita, C. Reichl, W. Wegschei-
der, and L. M. K. Vandersypen, Single-spin CCD, Nat.
Nanotechnol. 11, 330 (2016).

[13] I. Seidler, T. Struck, R. Xue, N. Focke, S. Trellenkamp,
H. Bluhm, and L. R. Schreiber, Conveyor-mode single-
electron shuttling in Si/SiGe for a scalable quantum com-
puting architecture, arXiv:2108.00879 [cond-mat.mes-hall]
(2021).

[14] L. M. K. Vandersypen, H. Bluhm, J. S. Clarke, A. S. Dzu-
rak, R. Ishihara, A. Morello, D. J. Reilly, L. R. Schreiber,
and M. Veldhorst, Interfacing spin qubits in quantum dots
and donors–hot, dense and coherent, Npj Quantum Inf. 3,
34 (2017).

[15] D. P. Franke, J. S. Clarke, L. M. K. Vandersypen, and
M. Veldhorst, Rent’s rule and extensibility in quantum
computing, Microprocess. Microsy. 67, 1 (2019).

[16] Y. Alexeev et al., Quantum Computer Systems for Scien-
tific Discovery, PRX Quantum 2, 017001 (2021).

[17] M. Veldhorst, H. G. J. Eenink, C. H. Yang, and A. S. Dzu-
rak, Silicon CMOS architecture for a spin-based quantum
computer, Nat. Commun. 8, 1766 (2017).

[18] R. Li, L. Petit, D. P. Franke, J. P. Dehollain, J. Helsen, M.
Steudtner, N. K. Thomas, Z. R. Yoscovits, K. J. Singh, S.
Wehner, L. M. K. Vandersypen, J. S. Clarke, and M. Veld-
horst, A crossbar network for silicon quantum dot qubits,
Sci. Adv. 4, eaar3960 (2018).

[19] B. Buonacorsi, Z. Cai, E. B. Ramirez, K. S. Willick, S.
M. Walker, J. Li, B. D. Shaw, X. Xu, S. C. Benjamin,
and J. Baugh, Network architecture for a topological quan-
tum computer in silicon, Quantum Sci. Technol. 4, 025003
(2019).

024053-18

https://doi.org/10.1103/PhysRevA.57.120
https://doi.org/10.1103/RevModPhys.85.961
https://doi.org/10.1038/nnano.2014.216
https://doi.org/10.1073/pnas.1603251113
https://doi.org/10.1038/s41565-017-0014-x
https://doi.org/10.1103/PhysRevX.9.021011
https://doi.org/10.1038/s41586-019-1197-0
https://doi.org/10.1038/nature25766
https://doi.org/10.1038/s41467-020-14818-8
https://doi.org/10.1103/PhysRevX.10.021006
https://doi.org/10.1038/s41467-021-24371-7
https://doi.org/10.1038/nnano.2015.291
https://arxiv.org/abs/2108.00879
https://doi.org/10.1038/s41534-017-0038-y
https://doi.org/10.1016/j.micpro.2019.02.006
https://doi.org/10.1103/PRXQuantum.2.017001
https://doi.org/10.1038/s41467-017-01905-6
https://doi.org/10.1126/sciadv.aar3960
https://doi.org/10.1088/2058-9565/aaf3c4


SPIDERWEB ARRAY... PHYS. REV. APPLIED 18, 024053 (2022)

[20] J. M. Boter, J. P. Dehollain, J. P. G. van Dijk, T. Hensgens,
R. Versluis, J. S. Clarke, M. Veldhorst, F. Sebastiano, and
L. M. K. Vandersypen, in 2019 IEEE International Electron
Devices Meeting (IEDM) (IEEE, New York, 2019), p. 1.

[21] L. Petit, H. G. J. Eenink, M. Russ, W. I. L. Lawrie, N. W.
Hendrickx, S. G. J. Philips, J. S. Clarke, L. M. K. Vander-
sypen, and M. Veldhorst, Universal quantum logic in hot
silicon qubits, Nature 580, 355 (2020).

[22] L. Petit, M. Russ, H. G. J. Eenink, W. I. L. Lawrie,
J. S. Clarke, L. M. K. Vandersypen, and M. Veldhorst,
High-fidelity two-qubit gates in silicon above one kelvin,
arXiv:2007.09034 [cond-mat.mes-hall] (2020).

[23] C. H. Yang, R. C. C. Leon, J. C. C. Hwang, A. Saraiva,
T. Tanttu, W. Huang, J. Camirand Lemyre, K. W. Chan,
K. Y. Tan, F. E. Hudson, K. M. Itoh, A. Morello, M.
Pioro-Ladrière, A. Laucht, and A. S. Dzurak, Operation
of a silicon quantum processor unit cell above one kelvin,
Nature 580, 350 (2020).

[24] E. Dennis, A. Kitaev, A. Landahl, and J. Preskill,
Topological quantum memory, J. Math. Phys. 43, 4452
(2002).

[25] J. M. Taylor, H.-A. Engel, W. Dür, A. Yacoby, C. M.
Marcus, P. Zoller, and M. D. Lukin, Fault-tolerant architec-
ture for quantum computation using electrically controlled
semiconductor spins, Nat. Phys. 1, 177 (2005).

[26] M. Pioro-Ladrière, Y. Tokura, T. Obata, T. Kubo, and S.
Tarucha, Micromagnets for coherent control of spin-charge
qubit in lateral quantum dots, Appl. Phys. Lett. 90, 024105
(2007).

[27] N. W. Hendrickx, W. I. L. Lawrie, L. Petit, A. Sammak, G.
Scappucci, and M. Veldhorst, A single-hole spin qubit, Nat.
Commun. 11, 3478 (2020).

[28] Y. Aharonov and J. Anandan, Phase Change during a Cyclic
Quantum Evolution, Phys. Rev. Lett. 58, 1593 (1987).

[29] D. P. DiVincenzo, The physical implementation of quantum
computation, Fortschr. Phys. 48, 771 (2000).

[30] I. L. Chuang and Michael A. Nielsen, Quantum Computa-
tion and Quantum Information (Cambridge University Pr.,
Cambridge, 2010).

[31] J. M. Elzerman, R. Hanson, L. H. Willems van Beveren,
B. Witkamp, L. M. K. Vandersypen, and L. P. Kouwen-
hoven, Single-shot read-out of an individual electron spin
in a quantum dot, Nature 430, 431 (2004).

[32] A. E. Seedhouse, T. Tanttu, R. C. C. Leon, R. Zhao, K.
Y. Tan, B. Hensen, F. E. Hudson, K. M. Itoh, J. Yoneda,
C. H. Yang, A. Morello, A. Laucht, S. N. Coppersmith,
A. Saraiva, and A. S. Dzurak, Pauli Blockade in Silicon
Quantum Dots with Spin-Orbit Control, PRX Quantum 2,
010303 (2021).

[33] A. M. Jones, E. J. Pritchett, E. H. Chen, T. E. Keating, R.
W. Andrews, J. Z. Blumoff, L. A. De Lorenzo, K. Eng,
S. D. Ha, A. A. Kiselev, S. M. Meenehan, S. T. Merkel,
J. A. Wright, L. F. Edge, R. S. Ross, M. T. Rakher, M.
G. Borselli, and A. Hunter, Spin-Blockade Spectroscopy
of Si/Si-Ge Quantum Dots, Phys. Rev. Appl. 12, 014026
(2019).

[34] E. J. Connors, J. J. Nelson, and J. M. Nichol, Rapid High-
Fidelity Spin-State Readout in Si/Si-Ge Quantum Dots via
rf Reflectometry, Phys. Rev. Appl. 13, 024019 (2020).

[35] R. Versluis, S. Poletto, N. Khammassi, B. Tarasinski, N.
Haider, D. J. Michalak, A. Bruno, K. Bertels, L. DiCarlo,
and A. Bruno, Scalable Quantum Circuit and Control for a
Superconducting Surface Code, Phys. Rev. Appl. 8, 034021
(2017).

[36] A. G. Fowler, M. Mariantoni, J. M. Martinis, and A. N. Cle-
land, Surface codes: Towards practical large-scale quantum
computation, Phys. Rev. A 86, 032324 (2012).

[37] C. Horsman, A. G. Fowler, S. Devitt, and R. Van Meter,
Surface code quantum computing by lattice surgery, New
J. Phys. 14, 123011 (2012).

[38] Y. Xu, F. K. Unseld, A. Corna, A. M. J. Zwerver, A. Sam-
mak, D. Brousse, N. Samkharadze, S. V. Amitonov, M.
Veldhorst, G. Scappucci, R. Ishihara, and L. M. K. Van-
dersypen, On-chip integration of Si/SiGe-based quantum
dots and switched-capacitor circuits, Appl. Phys. Lett. 117,
144002 (2020).

[39] R. J. Schoelkopf, P. Wahlgren, A. A. Kozhevnikov, P. Dels-
ing, and D. E. Prober, The radio-frequency single-electron
transistor (RF-SET): A fast and ultrasensitive electrometer,
Science 280, 1238 (1998).

[40] S. J. Devitt, A. G. Fowler, A. M. Stephens, A. D.
Greentree, L. C. L. Hollenberg, W. J. Munro, and K.
Nemoto, Architectural design for a topological clus-
ter state quantum computer, New J. Phys. 11, 083032
(2009).

[41] R. K. Puddy, L. W. Smith, H. Al-Taie, C. H. Chong, I. Far-
rer, J. P. Griffiths, D. A. Ritchie, M. J. Kelly, M. Pepper, and
C. G. Smith, Multiplexed charge-locking device for large
arrays of quantum devices, Appl. Phys. Lett. 107, 143501
(2015).

[42] S. Y. Hou, C. H. Wu, D. Yu, H. Hsia, C. H. Tsai, K. C.
Ting, T. H. Yu, Y. W. Lee, F. C. Chen, W. C. Chiou, and
C. T. Wang, in 2019 IEEE International Electron Devices
Meeting (IEDM) (IEEE, San Francisco, 2019).

[43] International Roadmap for Devices and Systems (IRDSTM)
2020 Edition - More Moore (2020).

[44] B. Buonacorsi, B. Shaw, and J. Baugh, Simulated coher-
ent electron shuttling in silicon quantum dots, Phys. Rev. B
102, 125406 (2020).

[45] R. C. C. Leon, C. H. Yang, J. C. C. Hwang, J. C. Lemyre,
T. Tanttu, W. Huang, K. W. Chan, K. Y. Tan, F. E. Hudson,
K. M. Itoh, A. Morello, A. Laucht, M. Pioro-Ladrière, A.
Saraiva, and A. S. Dzurak, Coherent spin control of s-, p-,
d- and f-electrons in a silicon quantum dot, Nat. Commun.
11, 797 (2020).

[46] J. P. G. Van Dijk et al., A scalable cryo-CMOS controller
for the wideband frequency-multiplexed control of spin
qubits and transmons, IEEE J. Solid-State Circuits 55, 2930
(2020).

[47] J. Van Dijk, P. Hart, G. Kiene, R. Overwater, P. Padalia,
J. Van Staveren, M. Babaie, A. Vladimirescu, E. Charbon,
and F. Sebastiano, in Proceedings of the Custom Integrated
Circuits Conference (IEEE, Boston, 2020), p. 1.

[48] C. R. Paul, Analysis of Multiconductor Transmission Lines
(Wiley-IEEE Press, Hoboken, 2008).

[49] S.-C. Wong, P. S. Liu, J.-W. Ru, and S.-T. Lin, Intercon-
nection capacitance models for VLSI circuits, Solid-State
Electron. 42, 969 (1998).

024053-19

https://doi.org/10.1038/s41586-020-2170-7
https://arxiv.org/abs/2007.09034
https://doi.org/10.1038/s41586-020-2171-6
https://doi.org/10.1063/1.1499754
https://doi.org/10.1038/nphys174
https://doi.org/10.1063/1.2430906
https://doi.org/10.1038/s41467-020-17211-7
https://doi.org/10.1103/PhysRevLett.58.1593
https://doi.org/10.1002/1521-3978(200009)48:9/11{\T1\textexclamdown }771::AID-PROP771{\T1\textquestiondown }3.0.CO;2-E
https://doi.org/10.1038/nature02693
https://doi.org/10.1103/PRXQuantum.2.010303
https://doi.org/10.1103/PhysRevApplied.12.014026
https://doi.org/10.1103/PhysRevApplied.13.024019
https://doi.org/10.1103/PhysRevApplied.8.034021
https://doi.org/10.1103/PhysRevA.86.032324
https://doi.org/10.1088/1367-2630/14/12/123011
https://doi.org/10.1063/5.0012883
https://doi.org/10.1126/science.280.5367.1238
https://doi.org/10.1088/1367-2630/11/8/083032
https://doi.org/10.1063/1.4932012
https://doi.org/10.1103/PhysRevB.102.125406
https://doi.org/10.1038/s41467-019-14053-w
https://doi.org/10.1109/JSSC.2020.3024678
https://doi.org/10.1016/S0038-1101(98)00088-4


JELMER M. BOTER et al. PHYS. REV. APPLIED 18, 024053 (2022)

[50] B. Razavi, Design of Analog CMOS Integrated Circuits
(McGraw-Hill Education, New York, 2016), 2nd ed.

[51] B. Patra, M. Mehrpoo, A. Ruffino, F. Sebastiano, E.
Charbon, and M. Babaie, Characterization and analysis
of on-chip microwave passive components at cryogenic

temperatures, IEEE J. Electron Devices Soc. 8, 448
(2020).

[52] N. Schuch and J. Siewert, Natural two-qubit gate for quan-
tum computation using the XY interaction, Phys. Rev. A
67, 032301 (2003).

024053-20

https://doi.org/10.1109/JEDS.2020.2986722
https://doi.org/10.1103/PhysRevA.67.032301

	I. INTRODUCTION
	II. ARRAY DESIGN AND OPERATION
	III. LOCAL CONTROL ELECTRONICS
	A. Biasing and control signals
	B. Readout signals

	IV. LINE SCALING
	A. Module size considerations

	V. FOOTPRINT
	VI. HEAT DISSIPATION
	VII. EXAMPLE: A MILLION-QUBIT ARRAY
	VIII. DISCUSSION
	ACKNOWLEDGMENTS
	A. APPENDIX A: DEMULTIPLEXER DESIGN
	B. APPENDIX B: cadence DRAWINGS
	C. APPENDIX C: HEAT DISSIPATION ESTIMATES
	1. Parasitic capacitance
	2. ac transmission lines

	D. APPENDIX D: USING THE SQUARE-ROOT-swap OPERATION IN THE SURFACE CODE CYCLE
	1. Entangling phase gate
	2. Surface code cycles

	E. APPENDIX E: RENT'S EXPONENT CONSIDERATIONS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


