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A Cryo-CMOS Controller With Class-DE
Driver and DC Magnetic-Field Tuning for
Quantum Computers Based on Color
Centers in Diamond

Niels Fakkel™, Graduate Student Member, IEEE, LLuc Enthoven™, Member, IEEE, Jiwon Yun",
Margriet van Riggelen™, Hendrik Benjamin van Ommen ™, Kai-Niklas Schymik,
Hans P. Bartling, Eftychia Tsapanou Katranara, René Vollmer ™,
Tim H. Taminiau, Masoud Babaie™, Senior Member, IEEE,

and Fabio Sebastiano

Abstract— Striving toward a scalable quantum processor, this
article presents the first cryo-CMOS quantum bit (qubit) con-
troller targeting color centers in diamond. Color-center qubits
enable a modular architecture that allows for the 3-D integration
of photonics, cryo-CMOS control electronics, and qubits in the
same package. However, performing quantum operations in a
scalable manner requires large currents in the driving coils due
to low coil-to-qubit coupling. Moreover, active calibration of
the qubit Larmor frequency is required to compensate inhomo-
geneities of the bias magnetic field. To overcome these challenges,
this work proposes both a cryo-CMOS alternating current (AC)
controller consisting of a class-DE series-resonant driver and a
DC current regulator (DC CR) that uses a triode-biased H-bridge
for scalable low-power qubit operations. By experimentally val-
idating the cryo-CMOS performance with a nitrogen-vacancy
(NV) color-center qubit, the AC controller can drive a Rabi
oscillation up to 2.5 MHz with a supply draw of 6.5 mA, and the
DC CR can tune the Larmor frequency by +9 MHz while driving
up to £20 mA in the bias coil. T, coherence times up to 5.3 us
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and single-qubit gate fidelities above 98% are demonstrated
with the cryo-CMOS control using Ramsey experiments and
gate set tomography (GST), respectively. The results demonstrate
the efficacy of the proposed cryo-CMOS chips and enable the
development of a modular quantum processor based on color
centers.

Index Terms— Calibration, class-DE, cryo-CMOS, DC mag-
netic field biasing, H-bridge, Larmor frequency, low-power DC
current regulator (DC CR), microwave driver, nitrogen-vacancy
(NV) center, output stage, quantum computing, resonator, switch-

mode amplifier, system engineering, triode.

PRACTICAL computational breakthrough with quan-
Atum computing requires a substantial scale-up of the
number of quantum bits (qubits). Current advancements are
spread over multiple qubit platforms, mostly led by supercon-
ducting transmons qubits, which can achieve a good coherence
time (>10 ps) and gate fidelity (>99.9%) [1], [2], [3], [4], [5].
To achieve this performance, transmons must operate inside
a dilution refrigerator at ~10-mK temperatures, with each
qubit individually wired to its control electronics operating at
higher temperatures. Cryo-CMOS circuits have been proposed
to keep most of the wiring compact within the cryostat [6], [7],
[81, [9], [10]. Such electronics are typically placed at the 4-K
stage due to the limited cooling power of the cryostat at lower
temperatures [11]. However, this still requires significant bulky
interconnects between the 4-K and the mK stage and thereby
poses a scalability challenge. As an alternative qubit platform,
qubits based on color centers in diamond, such as the nitrogen-
vacancy (NV) center [12], can overcome those limitations
as they can operate at much higher temperatures (>1 K)
while reaching similar coherence times and fidelities [13],
[14], [15]. Furthermore, their photonic interface has allowed
entanglement generation over long distances (>1.3 km) using
conventional fibers, enabling a large quantum computer to be
formed through a network of smaller quantum processors [16],

[17], [18]. The higher operating temperature of color centers
enables co-integrating the qubits with cryo-CMOS control

I. INTRODUCTION

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
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Fig. 1. Envisioned color-center-based quantum processor. (a) 3-D-integrated
cryo-CMOS, photonics, and qubits that are biased in a permanent magnetic
field. (b) Level structure of the NV-center’s electron spin qubit. (¢) Compo-
nents on the Qubits + Photonics chip.

electronics at the same temperature stage, thereby solving
the interconnection bottleneck and improving the scalability,
but also requiring more research toward thermal manage-
ment [14], [19], [20]. Previous efforts toward integrating
CMOS with color centers have already been shown for sensing
purposes [21], [22] and potential cryogenic architectures have
been described [23], yet no cryogenic operated qubit controller
for color centers has been demonstrated.

Fig. 1 shows a scalable color-center-based quantum proces-
sor, where color centers and photonics are 3-D-integrated with
a cryo-CMOS chip in a unit-cell architecture, as proposed
in [24]. All the required photonic signals for qubit initialization
and readout, and the electronic signals for qubit control are
generated within each unit cell, which is expected to occupy
an area of approximately 1 x 1 mm to fit all the photonic
components. Increasing the number of qubits in the quantum
processor can be achieved in multiple ways: each unit cell can
host one color-center qubit with multiple nuclear spin qubits,
and unit cells can be combined to create a larger quantum
processor, i.e., in this work, we assume 10 x 10 unit cells,
and quantum processors can be combined through photonic
links. Initialization and readout of the color-center qubit can
be achieved by exciting the color center with a photon, and
detecting if any photons are emitted by the color center
using a single photon detector, while the frequency of the
emitted photon can by tuned by applying strain or an electric
field, depending on the color center used [25], [26]. Details
about the readout, tuning, and their implementation are out
of the scope of this work. Color-center-qubit operations are
performed through alternating current (AC) magnetic fields,
requiring an AC controller that drives currents through the
AC coil, which is bonded off-chip in each unit cell, located
close to the color center [see Fig. 1(c)]. The ~1-mm spacing
between unit cells inherently reduces the crosstalk of the
magnetic fields. Consequently, frequency spacing schemes,
e.g., frequency-division multiple access (FDMA) [9], are not
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required, enabling all cells to operate at the same Larmor
frequency fy, which is favorable to reduce the total system
complexity and power consumption by adopting the same
clock distributed among all cells. Still, distributing the same
clock and supplies among multiple unit cells can be difficult
and warrants additional research.

Moreover, moving toward a scalable color-center-based
quantum processor, two open challenges in the unit cells must
be addressed. First, due to the hybrid co-integration [19], [24],
it is physically difficult to place the coils generating the AC
magnetic field close to the color centers, requiring the efficient
generation of significant current amplitudes (>10 mA,) for
driving qubit operations. Second, while the Larmor frequency
of a 10 x 10 unit cell quantum processor can be set by a
global permanent magnet, the inhomogeneity of the permanent
magnet and integration inaccuracies can cause a significant
deviation in Larmor frequency fy (>13 MHz), leading to infi-
delity when driving qubit operations. In [27], both challenges
are overcome by: 1) introducing an AC controller with a class-
DE switch-mode driver that efficiently delivers large AC to a
low-impedance coil via a series resonator and 2) accurately
correcting for deviations in f; using a DC current regulator
(DC CR) that locally tunes the static magnetic field by driving
a DC caoil close to the color center.

This article sets out to extend on [27] by defining the
requirements for high-fidelity operations on color-center-based
qubits (Section II), providing circuit design procedures for the
AC controller (SectionIIl) and DC CR (SectionIV), respec-
tively, and showing extended characterization to quantify the
system’s performance with an NV-center qubit (Section V).
Conclusions are drawn in Section VI.

II. REQUIREMENTS FOR DRIVING
COLOR-CENTER QUBITS

Since the electronics driving the color-center qubits must
ensure that the infidelity introduced during operation and
idling is limited, this section presents the requirements for the
AC and DC signals to meet 99.9% average gate fidelity for
operations and idling, which are summarized in Table I, where
each AC signal and each DC signal component contribute to
125 x 107® and 250 x 1079 infidelities, respectively. In this
work, 99.9% fidelity is targeted as a first proof of concept. The
specification of future drivers can be tuned for more specific
target fidelities and optimized for power dissipation.

To perform single-qubit operations on the adopted NV
center, the control electronics must drive an AC magnetic
field resonant with the Larmor frequency (fy) perpendicular
to the bias field, with f determined by the applied bias field,
as shown in Fig. 1(b). This work targets a typical permanent
magnetic field range from approximately 1900 to 2000 G, as
used in network experiments [17], leading to an fj range from
2.44 to 2.72 GHz for transitions between the m, = 0 and
mg; = —1 energy levels, as shown in Fig. 1(b). The SNR on
the AC magnetic field driving operations needs to be >40 dB
to meet the infidelity requirement [29], while the amplitude
of the signal determines the Rabi frequency, f,, and thus
the speed of the operations. For an f, of 5 MHz that drives
a m rotation in T,, = 100 ns, a magnetic field amplitude
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TABLE I
SPECIFICATIONS FOR THE AC AND DC MAGNETIC FIELDS*

AC Signal Requirement 99.9 % Fidelity

Larmor Frequency 2.7GHz
Signal Amplitude 25G
Frequency Inaccuracy 56 kHz
Frequency Noise 56 kHZyms
Signal Inaccuracy 17mG
Amplitude Noise 17mGrms
Timing Resolution 712 ps
Timing Jitter 712 S, s
Phase error 0.64°
Wide-band Additive Noise 10.7mGms
DC Signal Requirement 99.9 % Fidelity
Tuning range 4.8G
Tuning step 18 mG
Noise 18 mGirms

“For 99.9%-fidelity 7-rotations on the NV center’s electron
spin qubit, assuming the qubit is a two-level system [24], [28].

of 2.5 Gy is required. This signal amplitude, together with
the SNR requirement to achieve high fidelity, leads to a
rms noise requirement of less than 17 mG;ys over a 5-MHz
bandwidth, equivalent to a power spectral density (PSD) of
57 pG*/Hz assuming white noise [28]. The controller has
additional requirements for the allowed phase error between
the x- and y-gate signals (which have a phase difference
of 90°): the error must be below 0.64° for an infidelity of
125 x 107°. Furthermore, the AC signal envelope needs to
have a time resolution better than 712 ps and a duration jitter
below 712 ps,, for both components to contribute less than
125 x 107 infidelity for the targeted operation time Top.

Since each AC controller drives a qubit defined by the
mg = —1 and my; = 0 state [Fig.1(b)], no strict spurious
free dynamic range (SFDR) requirements are placed on the
design as only a single qubit is driven and the m; = 41 can
typically be planned far away from the driving tone and its
harmonic contents [15], [30]. Additionally, the crosstalk of
the driving signal to a neighboring unit cell is attenuated by
more than 64 dB, causing less than 2 x 107% infidelity for
the current unit cell size [24]. When making the unit cells
smaller, e.g., due to the reduced size of photonic components,
crosstalk may become a more prominent source of infidelity
to consider. While the budget for crosstalk-induced infidelity
may depend on specific system-design choices, a contribution
to the infidelity below 2 x 1072, i.e., negligible compared to
the contribution listed in TableI, would require a crosstalk
lower than 54 dB between unit cells, which could be obtained,
for instance, with a cell pitch of 0.6 mm. For the given
Rabi frequency, also the allowed frequency inaccuracy and
frequency noise can be derived [28], posing requirements on
the clock source that can be readily achieved by the cryogenic
phase-locked loop (PLL) in [31].

To enable tuning of fj, each unit cell needs a locally tunable
DC magnetic field parallel to the bias field, which can be
achieved by using a DC CR driving a current through the DC
coil [see Fig. 1(c)]. Here, the deviation of f; is assumed to
originate from the inhomogeneity of the permanent magnet,
which has a simulated variation of 0.24% across a 1 x 1 cm
area [24], requiring a range of 4.8 G to be compensated for
the target 2000-G bias field. Based on the target infidelity
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Fig. 2. Different options for driving a resonator: (a) parallel resonator with
current-mode driving and (b) series resonator with voltage-mode driving.

and assuming the idling time is equal to 7op, the magnetic
field needs to be set with a resolution <18 mG to sufficiently
limit infidelity due to detuning, i.e., the frequency difference
between fy and the AC magnetic field frequency finw [24].
The allowed noise on the magnetic field is similar to the
resolution requirement, requiring an integrated noise below
18 mGiy. The qubit idling time Ty, determines upper limit
of the integration bandwidth (1/(27,,) = 5 MHz) and gain
(TOZp /4) of the noise contributing to the infidelity. Assuming
no echoing sequences are performed, the lower limit of the
bandwidth is determined by the experimental duration and is
set to 1 Hz in this work [28], [32], [33]. Consequently, the
PSD of the noise can consist of 1/f noise and white noise,
as long as the integrated noise requirement is met.

IIT. AC CONTROLLER

Based on the requirements given in Section Il, this section
will provide the procedures for designing a microwave AC
controller to drive an N'V-center qubit efficiently. Considering
the worst-case experimental scenario where the NV center is
located ~20 um away from the coil, see Section V-C, the
estimated coupling factor from the microwave coil to the NV
center is 50 G/A for near term experiments.' Hence, to drive
a Rabi of f, = 5 MHz, an AC amplitude (/ac) of 50 mA is
required, which is increased to /5c = 70 mA to consider some
margin.

Generating this large current amplitude using cryo-CMOS
qubit controllers [6], [7], [8], [9] that drive a 50-€2 transmission
line into a 50-£2 load would require a large impedance transfer
ratio and consume significant power. However, in the proposed
3-D-integrated package (Fig. 1), the driver is located much
closer to the qubits; hence, long lines can be omitted, and
the amplifier can directly drive a resonator consisting of a
capacitor and an inductor (Lac) with a quality factor of Qy
and a series resistance

= 2 n
0L
where w = 2mfy is the tank’s angular resonant frequency.
Since the driver must now provide the required current to a
low-ohmic resistor instead of 50 €2, power consumption is
significantly reduced.

Fig. 2 illustrates the two primary options for resonant driv-
ing: (1) a parallel-resonant tank with a current-mode driver,
and (2) a series-resonant tank with a voltage-mode driver.
Considering the theoretical scenario where the parallel- and
series-resonator are driven with an ideal current or voltage

'In the envisioned integrated unit-cell architecture (Fig. 1), the coupling
from the coil to the color center is expected to increase to 290 G/A, lowering
the required /ac to 9 mA.
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source, respectively, both would consume the same power,
ril}c, determined only by the required current and induc-
tor loss. However, in a practical scenario, i.e., where the
ideal sources are replaced with a transistor either working
in saturation for linear signal amplification or in cut-off and
triode for switch mode amplification, the power consumption
is also limited by the transistor drain current and required
voltage overhead. As can be gathered from Fig.2, the drain
current in the parallel structure is Q; times lower than in the
series one to generate the same coil current. Consequently,
for the same transistor minimum drain-source voltage or on-
resistance, the parallel option wastes less power and seems
advantageous at first glance. However, for the same coil
current, the maximum voltage swing (Vimax) across the current
source in the parallel configuration is Q; times larger than
that of the voltage source in the series structure, requiring a
QO times larger supply voltage as depicted in Fig.2. Hence,
to avoid reliability issues due to time-dependent dielectric
breakdown (TDDB) and hot carrier injection (HCI) [34], the
maximum voltage swing across gate-drain terminals needs to
be limited by using cascode devices. These additional cascode
devices consume more supply headroom, increasing the total
power consumption (PDC) and making the Iac/ Ppc advantage
of the parallel tank only marginal. As a result, in this design,
we opt for the voltage-mode series-resonant configuration to
avoid using an excessively large supply voltage and cascode
devices, while enjoying Q times higher coil current for the
same Viax.

Among different flavors of voltage-mode drivers, we are
looking for the one offering the best current efficiency, i.e.,
ni = Iac/Ipc.ariver to achieve a lower power dissipation
at a fixed supply voltage (Vpp) and work reliably. Since
the distance between unit cells is sufficiently large to sup-
press crosstalk and spectral leakage, the out-of-band emission
requirement on the AC controller is relaxed compared to
other qubit platforms. Consequently, a switched-mode driver is
preferred over a linear driver as it offers better efficiency and
draws no power when idle, which are essential to reducing the
controller’s power dissipation. The first option is to employ
a class-D switch-mode driver [see Fig.3(a)], operating with
50% duty-cycle input square wave achieving n; = m [35].
However, this structure has two problems. First, to achieve
a large current amplitude, the ON-resistance of the switches
needs to be minimized. Consequently, the power efficiency
is reduced at higher frequencies as the charge stored in the
large parasitic output capacitance (C,) of the transistors is
dissipated once in every cycle. Second, any overlap in the
50% duty-cycle input pulses due to timing mismatches or slow
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Fig. 4. Class-DE circuit analysis for finite ON-resistance (a) circuit diagram
and (b) waveform comparison of derived equations, simulation with ideal
switches, and real devices with identical ON-resistance rpg. Simulations are
done at 300 K.

voltage crossings could result in crowbar currents [36]. The
sensitivity to overlapping pulses due to timing mismatches is
mostly independent of temperature. Thus, this effect is also
present at cryogenic temperature (CT). Furthermore, due to
the choice of low threshold-voltage (LVT) devices to achieve
lower ON-resistance and higher current driving capability, the
crowbar currents will still be present at CT, even with the
increased threshold voltage [37].

An alternative is the class-E driver shown in Fig. 3(b). This
topology uses a shunt capacitance C; to achieve zero-voltage
switching (ZVS) and zero-derivative voltage switching (ZDS)
operation, improving power efficiency at higher operating
frequencies but achieving a lower n; = 2.86 [38], [39]. The
drawbacks of a class-E amplifier are its large-size choke
inductor and the considerable voltage stress on the drain
node (i.e., 3.56Vpp) [40], limiting its reliability. In this work,
the advantages of both the class-D and class-E drivers are
combined by adopting a class-DE topology, offering both
good current efficiency, reliable operation, and absorbing the
transistors’ parasitic capacitances in the resonator network to
satisfy ZVS and ZDS criteria [35], [41].

A. Class-DE Circuit Analysis

Fig. 4 shows the schematic of the class-DE circuit, in which
PMOS and NMOS devices (M and M,) drive a series resonant
load Lac — Cop — rr. In this analysis, the inductor Lac is split
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into two equivalent inductances, L, and L;. L, resonates with
the series capacitance (Cy) at the desired operating frequency
w, while L, together with shunt capacitor Cy, provides an
additional impedance needed to satisfy the ZVS and ZDS
criteria. Previous work has primarily focused on analyzing
the class-DE operation, assuming ideal switches with zero
ON-resistance [35], [41]. In contrast, this work takes a more
practical approach. We model the transistors M;, as ideal
switches with open circuit in the OFF-state and a constant
equivalent ON-resistance (rps) when turned on. Therefore, this
approach, which also models the transistor’s equivalent para-
sitic output capacitances as constant shunt capacitors (C1,2),
can provide a better understanding of the design considerations
and achieve more accurate estimations of the component
values. To achieve this result, a closed-form equation for
the M|, drain node vp(wt) is obtained, as the voltages and
currents of the other branches can be readily derived from that.

The circuit operates in four distinguished intervals ¢;_4
by applying 25% duty-cycle non-overlapping square pulses
at M, gates. In this analysis, the loaded quality factor of the
resonator is assumed to be sufficiently high® so that the load
current has a purely sinusoidal solution

io(wt) = Ixc sin (ot + @) 2

where the phase must be ¢ = 0 to satisfy the ZDS conditions,
Le., (d(vp(wr))/d(wt))|wi=0>=0 [35].

Interval ¢; : [0, (w/2)) starts at wt = 0, at which M, is
on and M, is off. Hence, there is no current through M>,
isp = 0, and the required current is sourced from the supply
through M| (is;) and by the shunt capacitors, i.e., ics12 =
2wC(d(vp(wt))/d(wt)). By writing KCL at the drain node,
one can obtain the following ordinary differential equation
(ODE):

Vb, (@)= Vo = rps - (Iac sin (1) + 20C, 40200, (3)

d(wt)

Solving the above equation and imposing the ZVS condition,
i.e., vp(0"T) = Vpp, gives

_ rpsIac
Upy, (1) = e 20Csros wl(VDD + )

(27‘DsC50))2 + 1
rpsIac(cos(wt) — 2 rpsCyw sin(wt))
(2rpsCsw)? + 1 ‘
In interval ¢,:((;r/2), ], both M, are off, and the output
current is only provided by shunt capacitors. Therefore,

“4)

' vp(wt)

—2C,w = Ic sin (wt). (5)

Solving this ODE and imposing the ZVS condition, i.e.,
vp(r~)=0, gives

Inc
s

Upg, (@t) = (cos (wt) + 1). (6)
The component values need to be sized such that the drain
voltage waveform remains continuous when switching from

2In practice, the quality factor should be larger than 3 to ensure a
nearly sinusoidal load current. Otherwise, the performance of the class-DE
is strongly affected due to the presence of more harmonic components at the
output [42], [43].
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one operation phase to another. As a result, the load current can
be estimated by ensuring a continuous drain voltage waveform

at wt = /2, i.e., vpy, ((/2)) = vpy, ((/2))
2C,0Vpp((2rpsCyw)* + 1)

e™0sCo — 2 rpgCiw

)

Inc ~

Since the waveform is symmetrical, a similar analysis can be
done to find an expression of the drain voltage for intervals
@3 : [w, (3m/2)), where M, is off and M, is on, and ¢y :
((3m/2), 2], where both transistors are off. The resulting
waveform equations plotted in Fig.4(b) show that the drain
voltage is continuous and matches the harmonic balance
simulation of the equivalent circuit.

B. Class-DE Design Procedure

Based upon the circuit analysis, this section develops a
design guide to determine the components’ values (i.e., Cy, rp,
Lac, Ly, Cop, and rpg) and to estimate the performance (i.e., 1;)
of the class-DE driver. Initially, to derive the components’
values, given the targeted current amplitude Iac, the design
equations are developed step-by-step, and different compo-
nents’ values are plotted versus rpg in Fig.5. At the end of
this section, rpg is determined based on practical limitations,
and all components’ values can be found accordingly.

The first step is to find the required shunt capacitor value
C,, which can be extracted from (7) for a known Isc, and
rps. By increasing rpg, the transistor current iy, reduces,
and consequently, a larger C; value is needed to provide the
output current to the load. Next, the required parasitic series
resistance of the inductor, r;, is determined by dividing the
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magnitude of the in-phase component of the drain node voltage
by the required load current
V,, L[ vpsin(er) der)

Inc

®)

T Iac
Accordingly, Lac can be calculated using (1), assuming a
maximum implementable quality factor of ~14. As can be
gathered from Fig.5, for larger rpg, the load resistance and,
subsequently, the inductance value decreases to keep Iac
constant. Of course, since r; cannot become negative, the
results are only plotted for a small range of rpg up to 5 Q.
Furthermore, since L, and C( should resonate at the design
frequency w, L, can be calculated by dividing the fundamental
quadrature component of vp over the output current

Vi _ L [2Tup cos(wr) d(wr) o)

CO]AC

L, =
b CL)]AC

Now, one can find the required series capacitance to resonate
with the virtual inductance L,

1 I B I
w’L,  @*(Lac — Lyp) er(QL _

Co= (10)
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Since the DC provided by the shunt capacitors in the steady

state must be zero, and ig; only draws current from the supply
during the first interval ¢, the driver’s DC can be calculated

by
1
IDC,driver - E
0

A larger rpg results in a higher voltage drop over the transistor
during the initial phase, which increases the voltage variation
across the shunt capacitors and causes them to deliver more
current to the load. Since Iac is constant, M, then delivers less
current to the load, thus reducing the driver DC and improving
its current efficiency from 27 to 8.75 when rpg increases from
0to 5 Q2 (see Fig.5). Consequently, at first glance, it seems that
one should use a larger rpg to achieve better current efficiency
and power consumption.

However, rpg cannot be chosen arbitrarily large for two
reasons. First, as can be gathered from Fig.5, one may need
to reduce the inductor’s number of turns to realize a smaller
Lac. Hence, the inductor’s current-to-magnetic-field coupling
factor drops, and therefore, to achieve the same magnetic
field amplitude, the driver has to deliver more current to
the resonator, increasing its power consumption. Second, the
current driving capability of the transistor reduces at a larger
rps, which means the transistors may not be able to provide
the required peak current. For example, in our 40-nm CMOS
technology, a minimum length NMOS transistor can only offer
around 0.3 mA/pum in triode with a 200-mV drain—source
voltage. To ensure that the required peak current of 70 mA can
be provided, 