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Abstract—This paper presents extensive guidelines for the
design of an integrated DC-readout interface for semiconductor
spin qubits. Since the focus is on the readout via a single
electron transistor (SET), the SET behavior and performance
are first described and modeled, showing that the signal-
to-noise ratio (SNR) theoretically achievable by a SET-based
DC-readout is significantly beyond the state-of-the-art. Practical
circuit architectures for implementing a DC-readout, such as
the voltage amplifier, the transimpedance amplifier, the charge
sampling, and the current pre-amplifier, are then analyzed by
deriving their design equations and trade-offs. As a result, the
practical performances of those different solutions are evaluated
and compared, thus presenting clear selection criteria for the
readout architecture and its design equations given the specific
parameters of the SET sensor.

Index Terms— DC-readout, Cryo-CMOS,
transistor, SET, quantum computing.

single electron

I. INTRODUCTION

UANTUM computers based on semiconductor spin

qubits have promising scaling properties [1], specifically
due to their demonstrated operation at higher temperatures [2],
[3], their small feature size (100 nm x 100 nm) and
their compatibility with CMOS manufacturing [4], [5]. These
properties make them well-suited for integration with an
electronic interface: first, qubit operation at comparatively high
temperatures, above 4K in [3], corresponds to more cooling
power being available at the same temperature, meaning that
the electronics operating close to the qubits can dissipate
significantly more power, on the order of Watts [2]; second,
compatibility with industrial manufacturing suggests that an
eventual co-integration of electronics and qubits is possible.
Thanks to such a promising outlook, numerous parts of
the electronic interface for semiconductor spin qubits have
already been proposed, such as microwave controllers [6], [7],
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ADC:s [8], [9], biasing circuits [10], [11], LNAs [12], [13], and
receiver chains [14], [15].

One of the most challenging operations in running a spin
qubit quantum processor is the readout of the information
encoded in the single spins: spin-states cannot be measured
directly due to their extremely small magnetic moment, thus
requiring the translation of the spin degree of freedom into a
measurable quantity, e.g., charge, which can be measured with
a nearby electrometer [16], [17].

Typically, a single-electron transistor (SET) is used for
this purpose, e.g., as in [18]. The SET exhibits an abrupt
change in impedance based on the surrounding electrostatic
configuration, as described in section II. To electrically read
the SET impedance, two main strategies are adopted: RF-
and DC-readout. RF-readout provides the fastest single-shot
readouts to date [19]. Additionally, it allows for potential
frequency multiplexing [20], which can reduce the number of
lines needed to interface the quantum device. This reduction
is especially beneficial when operating the readout circuit at a
different temperature stage. Further, the high frequencies used
in the RF-readout allow for amplification far from the low-
frequency noise of amplifiers in the electronic interface.

But RF-readout also carries heavy disadvantages in the
perspective of scaling: it relies on bulky inductors for matching
the sensor impedance [20], requires high-frequency sources
and amplifiers for stimulation and amplification, as well as
often relies on big off-chip passive components like directional
couplers [14]. These factors contribute to a large scaling-
unfriendly footprint compared to the qubit dimensions and to a
significant power consumption for operating the RF interface.
The same RF-readout strategy can also be adopted for gate-
based readout [21], [22], which can avoid the use of the SET,
still sharing the same (dis)advantages of the SET-based RF-
readout.

In contrast, DC-readout has offered a much slower speed,
mostly constrained by the large parasitic capacitance of the
interconnect between the SET and the readout electronics.
By using cryogenic amplification, however, this capacitance
can be reduced, resulting in fast amplifiers being demonstrated
using SiGe [23] and HEMT [24] transistors operating close to
the quantum sample. An inherent downside of the DC-readout
is the necessity of an individual electrical connection for each
charge sensor to be read. If the sensor and the readout reside
on different chips, a bond pad per sensor is required, which is
a large offset to the otherwise compact readout. At the same
time, no components are necessary for DC-readout that can
not be efficiently integrated on the chip. This allows for a
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Fig. 1. a) Layout sketch of a typical double quantum dot with SET readout,
b) schematic representation of setup. “Res” indicates a charge reservoir, By
and Py are barrier and plunger gates, Q; the quantum dots.
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Fig. 2. Sketch of electron movement for a) energy-selective readout, adopted
from [33], b) Pauli-spin-blockade readout, with the corresponding sensor
response, which is smaller in b) due to the dipole nature of the signal.

potentially very dense co-integration of a CMOS-based DC-
readout.

Thanks to those appealing features, several implementations
of an integrated DC-readout circuit have been proposed:
current comparators [25], [26], [27], trans-impedance ampli-
fiers [28], [29], and a charge-sampling integrator [30].
While these constitute significant practical advances towards
a scalable DC-readout, a systematic benchmarking of the
different possible architectures and their trade-offs is still
missing. Also, it is still unclear where the limits of DC-
readout lie and how to approach them in practice. To aid
the development of scalable amplifiers for DC-readout, we fill
this gap here by deriving the limits and comparing practical
readout interfaces. For such interfaces, we set the design goal
of reaching a readout fidelity above 99.9%, i.e., well above
the quantum-error-correction threshold [31], within a readout
period of 7T, = lups, i.e., a time compatible with spin qubit
coherence time and gate duration [32], while minimizing the
necessary power. This corresponds to bit-error-rates (BER) of
0.001 and, therefore, requires a signal-to-noise ratio (SNR) of
10dB, as shown in the appendix.

The article is organized as follows: First, we review
the SET as a charge sensor in section II to provide the
understanding and modelling necessary to build the readout
interface. In section III, a brief review of the CMOS
and BiCMOS technologies available for the implementation
of cryogenic amplifiers is given. Then, the fundamental
limits for reading the SET in a DC-setup are derived in
section IV, followed by an extensive architecture exploration
and comparison for practical amplifier topologies in section V.
Finally, a conclusion is drawn in section VI.

II. SET MODEL

Figure 1a) illustrates a typical planar layout of a double-
quantum dot with an SET. The data-dots denoted as Q1,, are
electrostatically defined by the potential of metal gates and
can be filled with single electrons to form a two-qubit system.
To measure the charge arrangement of this double-dot system,
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we utilize an SET. The SET itself is, in fact, a quantum dot
with a high electron occupancy represented as Qg. In this
section, we describe how this example system is operated for
the purpose of reading the spin information in the data-dots.

A. Spin-to-Charge Conversion

To read the spin state of the electrons in the data-dots
012, first, a spin-to-charge conversion needs to be performed.
This manuscript focuses on electronics for the charge-state
detection step. However, the choice of protocol for spin-to-
charge conversion manuscript results in significant differences
in the generated signals, which we discuss here briefly.

The main two protocols for performing a spin-to-charge
conversion are energy-selective readout [33] and Pauli-spin-
blockade readout [34], [35]. Energy-selective readout (or
Elzerman readout) places the energy level of a neighbouring
electron reservoir in-between the energy levels of the qubit,
such that only one (the higher energy state, generally spin-
up) of the spin-states can tunnel out of the quantum dot. This
removal of an electron in the spin-up state leaves a vacant
energy level, that is subsequently filled with a new electron
in the ground state coming from the reservoir, leading to a
transient “blip” in quantum dot charge, see the upper half
fig. 2,a. On the other hand, if the spin is in the ground state the
electron will stay in the quantum dot and no exchange with
the reservoir takes places, thus the charge signal is expected
to be flat, see the lower half fig. 2,a. Since the processes of
tunneling in and out of the reservoir are probabilistic in nature,
the duration of the “blip” can be statistically modified by
adjusting the tunneling rate, yet the exact duration and position
remain unpredictable. This method has been demonstrated to
yield high fidelities [36], but it presents technical difficulties
for scaling to large quantum processors, as it requires sub-K
operating temperatures and complex interfacing electronics.
First, this protocol is not robust against temperature: the
energy level of the electron reservoir smears out rapidly with
temperature, increasing the probability of tunneling of spin-
down and thus increasing false-positives detection, decreasing
the fidelity of the spin-to-charge conversion. Second, the
uncertainty in the blip’s timing implies the need for both a high
sampling rate of the electrometer and performing detection
algorithms on the resulting data.

Alternatively, in the PSB protocol, two electrons residing in
two different quantum dots are used, this readout process is
depicted in fig. 2,b. The spin-to-charge conversion is obtained
thanks to the inability of electrons to occupy the exact same
quantum state, i.e., the same spin-state and same orbital state
in a single quantum dot. Thus, when one tries to combine
two electrons of different spin-state in the same quantum
dot, tunnelling happens and both electrons end up together.
If the electrons are in the same spin states, however, they
do not tunnel and remain in their own dots. The transition
is “blockaded”. Two flavors of PSB exist, known as Singlet-
Triplet readout and Parity readout [37], both leading to the
same pattern of charge signal. As during PSB no electrons
need to be exchanged with the reservoir, the process is
comparatively more robust against temperature [3], which
is a crucial advantage. Moreover, the signal is much more
predictable than with Elzerman readout: PSB generates a
charge step response that rises at a known time. Although the
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Fig. 3. SET operating principle (adapted from [16]): a) Coulomb blockade,
b) single-electron transport through the dot.

duration of the signal is still governed by Poisson statistics, it is
typically very long, given the lifetime of the blockaded state
(typically milliseconds or more). A drawback is that, since no
electrons are removed from the system (only reconfigured),
the effect on the electrometer is generally weaker, and the
detection, therefore, is made more challenging.

B. SET DC Characteristics

The quantum chip’s overall design is such that significant
capacitive coupling between the double-dot and the SET
is present, depicted in the schematic of Figure 1b). The
number of trapped electrons on the SET and the conductance
through it can be manipulated by five control voltages: the
plunger voltage (Ps) controlling the electrochemical potential
of the dot and, therefore, the electron occupation number;
the two barrier voltages (By1,2) controlling the tunnel-
barrier resistance in and out of the island; and the reservoir
voltages (S, D). Due to close proximity, significant capacitive
crosstalk exists between the different control voltages and
the barriers/dots. Relating the SET to an NFET, we refer to
the reservoir contact at lower/higher potential as source/drain,
respectively, and to the plunger as a gate.

For a sufficiently small charge island Qg, the available
electrochemical potential levels on the island are spaced by
the charging energy Ec = ¢*>/C, where C is the island’s
capacitance [38]. When a small bias window is opened
between the source and drain terminals of the SET, if none
of the quantized electrochemical potential levels is positioned
between the lead potentials, no current can flow, the SET is
in “Coulomb blockade” [fig. 3 a)] and the number of bound
electrons remains fixed. If there is a level available, however,
single electrons can flow through the quantum structure via
the available energy state, resulting in a measurable current
[fig. 3 b)]. A typical measurement to characterize the SET is
shown in fig. 4 a). The data underlying this and other figures
is available under [39]. Clearly visible are the parallelograms
with blockaded transport, termed “Coulomb diamonds” [16].
If the bias window becomes large enough, the SET cannot be
found in a blockaded state anymore. In fig. 4 b), we show
a cut at fixed bias through the measured characteristic, that
clearly presents Coulomb blockade regions and peaks (fig. 3
a) and b) respectively, as noted in the figure). To optimize
the performance of SETs as electrometers, they are usually
operated at a low-bias regime where bias-broadening effects
are minimized and the steepness of the peaks maximized [16].
The SET is biased around the most responsive region of
the Coulomb peak, indicated by the bias current, Ip in
Figure 4b). In this specific configuration, the movement of a
single electron between Q1,2 is enough to cause a change in
the SET’s current levels Iy o1 = Ip=%1, that can be associated
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Fig. 4. a) Measured SET large signal characteristics, b) slice of characteristic
for specific Vgq, indicating the operating modes in fig. 3 and an example for
the bias points in fig. 5. Device is cooled to ~15 mK and measures an effective
electron temperature of ~80 mK.
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Fig. 5. SET current evolution in the readout pulse sequence.

with the corresponding spin-states via the previously discussed
spin-to-charge conversion. For a detailed review of the SET
operation and spins in quantum dots, the reader is referred
to [16] and [38].

C. SET Readout Pulse Sequence

As briefly explained above, during PSB readout, the
quantum dots are pulsed into a spin-dependent electron
configuration for a finite duration of readout time, 7). The
SET current is measured during this time and registers the
charge configuration change thanks to the capacitive coupling
to Cgs,01/2 by assuming the value I/, respectively.
We assume the ideal PSB in the following, which means
no decay of the blockaded states occurs during the SET
acquisition time, such that the readout signal appears as a step.

Before and after the readout times, information processing
in the quantum dots is executed. This processing encompasses
a combination of fast bias-pulses on the gates defining
the qubits, combined with microwave pulses. The pulses
used to perform operations do generally not target single
electrodes, but “virtual gates” that combine the effect of
multiple electrodes [40]. The SET’s plunger is often included
in this virtualization due to its large capacitive coupling to
the quantum dots. Due to the movement of electrons in the
vicinity of the sensor and due to transient bias changes, the
sensor current can, therefore, fluctuate prior to the readout
phase, indicated by the grey areas in fig. 5. This is important
for the interfacing read-out circuit as either the circuit needs
to be able to cope with these sensor signal variations prior to
readout, or the SET needs to be configured in the blockaded
regime during qubit operation, where it is relatively insensitive
to changes in its electrostatic surroundings. Depending on the
choice of operation sequence, the sensor might also put out a
well-defined zero level before the pulse, indicated by a dotted
zero line before Tp in fig. 5. While this increases the necessary
measurement time, this can provide some rejection for the
low-frequency noise by employing correlated-double sampling
techniques.



5460

D. Noise in SET Devices

The SET intrinsically generates shot noise as discussed
in [41] and tested experimentally [42]. In this work, we operate
significantly below the transition frequency [41] (*2 GHz for
the lowest typical bias of interest for our target application
Ip~100pA), such that a white shot noise power spectral
density (PSD) can be assumed:

Sy =2qFIspr )

where ¢ is the elementary charge, F is the Fano factor [43]
and Isg7 is the SET current. The value of the Fano factor F,
also called the shot-noise suppression factor, was measured
to be between 0.5 - 1 [42]; thus, for the rest of this work,
we adopt a value of 1 as a conservative estimate. The intrinsic,
unavoidable shot noise sets the lower limit on the SET noise.

In addition to the broadband noise, SETs are also affected
by low-frequency charge noise with 1/f shape [44], [45]. This
charge noise is dependent on temperature [46], with higher
temperatures corresponding to higher charge noise. The charge
noise is converted to a current by the SET IV characteristic.
Furthermore, single traps, which can be described as two-level
systems, can be strongly coupled to the sensor and cause
random telegraph noise (RTN). Such strongly coupled traps
cause Lorentzian shapes in the noise spectrum to rise above
the 1/f background. In the following analysis, we assume the
noise to be dominated by 1/f, but we comment on the possible
effects of RTN in the design section.

Summarizing, the intrinsic SET single-sided power spectral
density can be modeled as a combination of shot and 1/f noise:

SLFN,f=1H
Sv.ser(f) =2 qFIser + f—f )
with Sy ry 11, the low-frequency noise at f = 1Hz

and o« ~ 1 the low-frequency noise slope. Srrn.1Hz
is typically measured at the maximum conductance point,
and, assuming a first-order model, can be scaled by the
device transconductance in other operating points (op):

0 ;
SLFN,1Hzop = SLFN,IHZ,max§:m£~ Typical values for

S1FN.1Hz lie between 10723 A2 Hz ' to 1074 A2Hz .

E. SET Model for Design

For developing the electrical interface, a small-signal model
(SSM) of the SET setup as shown in fig. 6 is employed. Typical
values for the parameters of the SSM are reported in table I.
As detailed above, the SET produces a qubit-state-dependent
current swing I; around a bias Ip. The signal amplitude
I, is highly dependent on the coupling of the quantum dot
to the sensor, the temperature and the bias conditions. For
a practical readout, we assume a typical value of 300pA,
as commonly reached in experimental practice. In parallel
with the qubit-dependent current, the setup model includes the
setup capacitance Cyg and resistance Rg. Cs = Cp + Cgg7 is
typically dominated by the parasitic capacitance C, of the
interconnect between the SET and the first-stage amplifier.
The intrinsic Cgg7 is extremely small, and corresponds to a
diffusion capacitance in a MOSFET, setting a lower bound of
Cs in the order of fF, which is only achievable if co-integrating
the qubits and the readout. If the SET and the amplifier
are mounted on different temperature plates of a dilution

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 72, NO. 10, OCTOBER 2025

TABLE I
MODEL PARAMETERS

Parameter Typical Range

I 300pA  100pA to 500 pA

Ip 1nA 0.3nA to 5nA

Rgs 133k 30k to 1000 kS2

Cs 2pF 10{F to 100 pF

F 1 0.5t 1

ILFN,f:l Hz - 10-23 A2Hz ! to 10724 A2Hz !

oD
_LCS=Cp+CSET Rs=R;||Rser S
ISET=IBiIS T ch zRSET N’S;;

Fig. 6. Simplified SET electrical model.

refrigerator or even at room temperature as in [47], the long
(=1 m) coaxial interconnection can result in large capacitance
(=100 pF). The quoted typical Cs = 2pF is estimated based
on a two-chip configuration with ESD protection on both
sides and direct chip-to-chip bonding. In some practical
amplifier structures, the amplifier input capacitance will also
add significant additional capacitance on the input node. The
SET output resistance Rggr and setup parasitic resistance Rp
define the output resistance. Typically Rgpr dominates the
setup resistance Rg.

III. CRYOGENIC ELECTRONICS

Figure 7 shows the measured device characteristics of
a typical 40nm CMOS process that forms the basis of
the numerical estimations in this paper. A higher threshold
voltage, a steeper sub-threshold slope, and a significantly
increased g,,/l; are observed, like reported in [48], [49],
and [50]. Specifically, the increased g,,/I; in weak inversion
offers significant benefits for power-efficient low-noise design,
however, limited by changes in the subthreshold slope leading
to large variability in this regime [51]. The threshold voltage
can, also in bulk technologies, be influenced by a wide range
of body-bias voltages [52]. The gate-tunneling-current is,
to first order, unchanged [53]. The low-frequency noise (LFN)
changes when moving to cryogenic temperatures, as reported
in [54], but the general amplitude of the change is often
small compared to the device-to-device variability of the LFN.
White noise in MOS transistors has been reported not to
scale as thermal noise, but rather seems to approach a lower
limit set by shot noise [55]. Possible causes for the increased
noise might also be found in self-heating in CMOS [56].
As limited white noise modeling and characterization are
available, we pragmatically adopt an effective (non-necessarily
physically justified) thermal temperature of the MOSFET
of 150K for the noise in active devices for the reference
40 nm technology, in line with the improvement observed in
comparator measurements done in the same technology [57].
This reduced scaling, however, is so far only shown in devices
in saturation. If the transistors are operated in triode, the
resistive channel noise is expected to scale with temperature.
In the absence of current, also no shot noise is produced. As a
result, sampling k7 /C is expected to scale with temperature,
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Fig. 8. Sketch of the idealized readout sequence: upon an impulse input,

the channel produces current pulses based on the bit polarity alongside white
noise with spectral density Sg. A matched-filter receiver integrates the signal
current plus noise and a slicer recovers the bitstream.

suppressing it sufficiently to make it negligible for many of
the architectures considered in the following.

Another promising technology for the implementation of
cryogenic amplification is SiGe BiCMOS processes, as the
SiGe BJTs show very high current gains at cryogenic
temperature [58], and the associated g, /I is much larger than
achievable in CMOS. Discrete SiGe BJTs have been used in
readout designs [23], enabling a very low power consumption,
that is unlikely to be achievable with CMOS. While SiGe does
offer superior noise performance, it is also significantly more
difficult to co-integrate technologically. For this reason, this
work focuses on a CMOS design.

IV. DC-READOUT AT THE SHOT NOISE LIMIT

In this section, we explore the intrinsic SNR limits when
reading an SET used as a charge sensor for the case of a PSB-
type readout, see fig. 8. The information about the qubit spin
states b; = %1 is modeled as a train of impulses Wj,(¢) each
separated by the bit period Tp:

Wp(t) = D" bis (t —iTp) 3)

i=0

This neglects the spacing of readout pulses due to operations,
as shown in fig. 5, but without loss of generality in describing
the readout itself. As discussed in section II-C, the sensor
reacts to this information with current pulses for each
bit, describable by a communication channel with impulse
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Fig. 9. Ideal receiver assuming a signal amplitude of /gg7 = 300 pA and a
range of noise densities Sy.

response s(t):
s(t) = I (u(t) —u(t — Tp)) 4)

with I; the SET signal current swing and u(¢) the Heaviside
step function. In an idealized case of manufacturing SETs with
little oxide defects, the low-frequency noise is negligible, and
only white noise needs to be considered. Furthermore, white
noise may become dominant for the large readout bandwidth
targeted in this work, while low-frequency noise can be
compensated using typical dynamic compensation techniques,
as for example correlated double sampling [59]. Under this
assumption, the ideal filter for extracting the information from
this channel is a matched filter [60]. The matched filter impulse
response h(t) is obtained from the channel impulse s(f) by
time-reversal and shifting by the bit period Tp:

ht)=s(Tp —t) =u(Tpy —t) —u(Tp —t — Tp)
=u(t) —u@ —Tp) 5)

This matched filter represents an ideal integrator with reset.
Without loss of generality, we can assume that the integration
is done on a capacitor Cg. The output signal provided to the
bit slicer at the moment of making the itk decision can now
be written as:

v a»—/% £y = o 5T (6)
out\ 1i (-1 CR CR

Noise analysis can now be performed with the methodology
in [61], given the receiver impulse response and the single-
sided noise spectral density Slzv’ ser(f) = So. The integrated
noise at the time of slicing can then be calculated as:

t=T) 15‘/nﬂh@n%h S0, 7)
Without loss of generality, for a memory-less system,
we assume i = 0 in the following, such that evaluation
happens at time ¢t = Tj,. The ideal white-noise limited SNR of
DC-readout is then:

2 _ISZsz 2
Vour (T c2 21T,
SN Rigyis = ) G 2T g
n(Tp) =LTp So
2¢2

Solving for the current-noise density, we gain a specification
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Fig. 10. SNR limit for 7} = 1 s, slicing level for equal SNR on both bits.

for a given SNR in the case of an ideal receiver:

5= 2D ©)
TV SNR

If, for example, assuming the typical values given in table I,
this results in a requirement of better than 134fA/+/Hz for
the input-referred noise of the integrator if targeting an SNR
of 10dB with T, = 1 ps. For the values in table I, we plot eq.
(8) in fig. 9, assuming a selection of noise densities.

A limiting case is reached if we consider that the only
contribution to Sp is the shot noise generated by the SET
itself, assuming an otherwise noiseless readout. The signal
swing [ is around bias point /g, such that the total current
Isgr,+ = Ip £ I;. For shot noise, we now have So = 2¢q /.1,
which would result in a symbol-dependent SNR, as Isgr +
varies with symbol. For the requirement of equal SNR for
both symbols, the slicing level needs to be closer to the signal
level with lower noise. This results in the limit on the average
equivalent SNR of:

412T,,
2
q(VIg — I+ VIpg + 1)

For the typical values reported in table I, this limit is equivalent
to the «/So = 18fA/+/Hz case plotted in fig. 9, forming
the fundamental limit under this signal level. To explore the
effect of bias on the SNR limit, we evaluate SN Ry, Over
Ip for various I in fig. 10, keeping 7, = 1 pus. A maximum
occurs for a bias equal to the signal level, corresponding to
no current when transmitting one of the symbols. This has
a physical interpretation: if for one of the symbols the SET
is in Coulomb blockade, only minimal second-order currents
flow. When minimal current flows, also the intrinsic noise is
minimal, allowing a slicing level very close to this bit value
maximizing the overall SNR. In practical scenarios, this limit
may not be optimal because the signal current swing £/
typically decreases with lower bias. This is illustrated in fig. 4:
if lowering Ip, the peak is not intercepted at its steepest point
anymore. The reduction in signal current reduces the SNR of
the SET gained biasing in this regime, but most importantly
it aggravates the noise constraints on the receiving circuit that
are discussed in the following section.

SN Rspot = (10)

V. PRACTICAL FRONT-END REQUIREMENTS

To approach the limits set in the previous section in practice,
we analyze and benchmark four readout strategies in the
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following sections: voltage-mode, current-mode with a TIA,
charge-sampling, and current pre-amplification. In voltage-
mode readout (fig. 11 a)), the SET is biased with a current,
in current-mode (fig. 11 b)) with a voltage, while the other
quantity is read, respectively. As a special case of current-
mode readout, charge sampling (fig. 11 c)) is discussed
separately, as it is functionally close to the optimal matched
filter in section IV. Finally, the current pre-amplifier (fig. 11
d)) grants a current gain with low input and high output
impedance, which in practice must be followed up by a
voltage- or current-mode detection circuit.

In the discussion of these readout methods, emphasis
is placed on the challenges arising in their practical
implementation. Design examples are carried out with the
target of the first stage, limiting the output SNR to 10dB
for a 1ps integration time. Of course, to get a 10-dB SNR
for the overall detection chain, the noise of the first stage
must be decreased, but the same design equations can be
adopted for the specific choice of follow-up stage without loss
of generality. Further, we assume negligible low-frequency
noise, requiring either sufficiently large sizing of the input
transistors for this to hold, or cascading the readout with a
correlated double sampling (CDS) stage [59]. If a CDS stage
is used, however, the requirements on the broad-band noise
become more stringent, as this noise is now sampled twice.
For the remainder of this work, we assume that the amplifiers
are operated in a 4 K environment.

A. Voltage Amplifier

At the core of a voltage-mode readout, see fig. 11 a), the
SET is biased with a current, the signal current integration
is done on the setup capacitance Cg and the output is sliced
after amplification. This core setup deviates from the ideal
case discussed above as now the amplifier has a high input
impedance. One example of such an amplifier with high
input impedance can be found in the SiGe bipolar design
in [23], as the low-bias HBT has a large base resistance
rz 3> Ry. Therefore, all impedances connected to the SET
node, indicated in fig. 6, need to be considered: both the
lumped parasitic capacitance Cs and resistance Rg.

For the purpose of this analysis, we also assume an inter-
symbol reset or settling during the operations, resulting in
no channel memory. The input system constitutes a leaky
integrator, with impulse response:

h Lo+ 1

() = cs¢ su(t) (11

with the time constant 7y = RgCgs. For the signal, we then get
period Tp:

T
s *h|=1, = Ryl (1—e fs) (12)
The noise power from the SET is now filtered by the leaky
integrator, and can be calculated with the same method as
applied in the derivation of eq. (7):

78§, _2T
2t = Ty) = TomSET (1 _ B )

13
4C3% (13)
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Slicer

This noise needs to be combined with the RMS noise of the

voltage amplifier V, n arms:

(s * h(t = Tp))?

SNRy = 5 (14)
nz(t = Tb) + Vn,amp,RMS
2712 -5 2
RSI; (1 —e fs)
= (15)

2T
RySn SET -Zb 2
4Cy l—e = + Vn,amp,rms

In fig. 12, we plot the achievable SNR over 1/7, for the
typical parameters from table I and compare two special cases:
Vnza +ms = 0 and Vn2a oms = 1.5 x 10710V, First, without
ampllﬁer noise, the SNR saturates for low readout speeds as
the resistive input leakage limits the integrated signal, while
for high speeds, the ideal limit is approached (model, input-
noise only). In the second case, the amplifier noise amplitude
has been chosen such that the SNR target of 10dB can
be reached for a 1us integration time (model, combined).
The calculation is benchmarked against a simulation using
ideal components in Spectre RF, demonstrating a close match
(combined, spectre RF). In the following, we replace the
abstracted amplifier with a more realistic model.
The amplifiers current noise S; , , can be modeled by:

Sn,i,a = 4kTV’]currgm (16)
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Amplifiers considered here: a) voltage amplifier, b) transimpedance amplifier, c) charge-based amplifier, d) current pre-amplifier. The SET symbol

where k is the Boltzmann constant, ¥ a noise non-ideality
factor specific to the technology, n.,, the amplifiers current
efficiency factor [62] and g, the amplifier transconductance.
Assuming the small signal noise model of fig. 13, the output
voltage noise density at DC due to the amplifier alone is:

Vnz,o = 4kTy Neurr8m R%, (17)
With the equivalent noise bandwith NBWy = ﬁ =g RLI T
the amplifier output noise is the classic kT/C result:
KTy neurrgm RL
2
Viamp,rms = == (18)

It is important to note that this expression only holds for the
settling case in which 7, > t,, with t, = Ry Cp [61].
Referring this to the input by approximating the amplifier
gain with A & Apc = g Rr and using eq. (15) under the
assumption that the SNR is dominated by the amplifier noise,
we gain a specification for the necessary capacitance:

kTV’]curr
“Th
ApcR3IZ(1 — e w)2

C, = SNRy (19)

For this to be sufficient, g, needs to be large enough to
guarantee the required A at the symbol rate:

AJ1+?CiR?
Ry

With @ = 2n/Tp, the last approximation holding only for
a marginally settling design. For minimizing the necessary
capacitance, the gain A needs to be maximized, while for
minimizing the needed g, in turn the output impedance needs
to be maximized, thereby requiring the output stage to move
towards current integration.

Assuming a target gain of A = 100, a current efficiency
factor of 7., = 2, a target SNR of 10dB, a bit period
of T, = 1ps and a MOSFET noise temperature of 150K
we gain: Cp = 272fF, g, = 170puS. This design is
then simulated alongside the ideal model in fig. 12 (design,
Spectre RF),! showing a slight overdesign caused by the
simplifying assumptions. The load resistance in the simulation
R; = 1 MR is chosen to be implementable with MOSFETs.
To approximately estimate the area occupation of each readout,
we consider the necessary load capacitor as well as the other
active and passive circuits necessary for each implementation.
The load capacitor can be implemented with MOS transistors,

8m = ~ AwCyp, (20)

I'Since the simulations, here and in the following, are used to verify the
analytical estimations, the exact schematics shown in the readout figures, e.g.,
fig. 13, are simulated, adopting the small-signal model of active devices and
not employing any transistor device model.
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compared to the SNR limit.

with, e.g., ~10fFum~2 in 40nm CMOS. Additionally, the
active circuitry is estimated to contribute an area of 50 um?
per amplifying transistor (100 um? for each differential pair),
including the biasing transistors. For the voltage amplifier,
being a single-ended circuit, this leads to 77 um?.

This discussion of the voltage amplifier further assumed
that the SET current is not majorly affected by the voltage
swing at the amplifier input, i.e., at the SET drain. In general,
this can be violated: in our measurement data, the SET would
significantly change its output characteristics if experiencing
just a 50uV swing (the numerical example above would
correspond to a settled swing of £40uV). An improved sensor
design, demonstrated in [63], can increase the sensor’s output
impedance significantly and increase the voltage range over
which a stable current can be supplied to 3mV.

B. Transimpedance Amplifier

The current-mode front-end in form of a TIA is shown in
fig. 11 b). If RF — 00, Cr — 0, the TIA model reduces to the
voltage amplifier in fig. 11 a). Here we concentrate on cases
far from this limit, where full treatment of the TIA transfer
function is necessary.

In a settled TIA design, the low-frequency transconductance
is set by the feedback resistor Rr. The settling also implies
that the signal is not integrated, deviating functionally from
the ideal receiver in section IV.

To quantitatively evaluate the TIA, we analyze the small-
signal model shown in fig. 14. If attempting a full direct
solution, the corresponding equations are unsuitable for
analytical estimations. Therefore, we divide the problem into
two separate parts: First, we examine the effect of SET noise
in the TIA; then we look at the noise of the amplifier itself.
For analyzing the effect of SET noise, we replace the amplifier
model in fig. 14 with a voltage amplifier with gain Ar. The
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impulse response of the TIA now becomes:
Rp+(1+A7)R
(t) = Ar e_mtu(ﬂ
(1+A7)Cr+Cs
The signal amplitude at the time of slicing (t+ = Tj) is then:
I;RFRsAT (
Rr+ (14 Ar)Rs

21

_ Rp+(+AT)Rg T
1 — ¢ (WHAQCr+C)RpRs *P

MRS h|l=T[; =

(22)

Following the approach previously detailed for the voltage
amplifier, the output noise due to the SET noise is:

A%ZRpRs
2((14+ A7)CF + Cs)(RF + (1 + A7) Rs)

Rp+(+A7)Rg
( ) Sn,ser (23)

(=T, =
| — ¢ TTFANCFICyRpRs b

The SNR is therefore:

SNR s #hit = Tp)° (24)
TIA =

nz(t = Tb) + Vnz,rms,TIA
where Vn rms. T1A is the RMS noise of the TIA structure.

We conservatively assume that the TIA is compensated for
a flat response, with Cr = Rs Cs. The value of the feedback
resistor Rr is mostly defined lgy the swing requirements of the
following stage, as the resistor noise benefits fully from the
temperature scaling. To reach for example an output peak-to-
peak swing of 1 mV, we require a resistance of at least 1.7 M2,
significantly exceeding the minimum resistor necessary to
keep the resistor noise below the specifications (49 kQ2@4 K
would be required for a 50% contribution to the total noise).
Such a resistor could either be implemented as an unsilicided
n-type polysilicon resistor (= 50x 50 um) or implemented with
active devices in subthreshold. Evaluating eq. (23) for the case
of no amplifier noise in fig. 15, we see that the TIA, if settled,
drops significantly below the limiting ideal performance, but
approaches it in the high-frequency limit in which the input
current is integrated on the feedback capacitance (model,
input-noise only). The influence of the amplifier gain Ar
on SNR performance is small and for the evaluation it was
assumed to be 100. Any practical amplifier, however, shows
noise of its own. We show the combined performance with
an amplifier noise of Vn rms.T1a = 1.2 x 107 V2, which
would limit the SNR to the 10dB target at 7, = 1 us (model,
combined). In the following we design an amplifier for the
settled TIA case.

For tractable design equations, we again assume Cr =
%EC s. For this case we have for the noise bandwidth of the
TIA:

8m
NBW: ~ — 25
A= 40+ a)Cr, 25
where o = % and we assumed ]gﬁ &« Rp + Rs. The

corresponding DC voltage noise den’snity is, with the same
amplifier current noise model as in eq. (16) for S, ; 4:

1+a)?
Snu,TIA = AT Y Neurr &m (26)
8m
Combining this with eq. (25) results in:
(I +a)kTyn,
Vnz,rms.,TIA = CL — (27)
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Fig. 16. Charge-based front-end.

Now assuming a settled output signal Vy;, = RFpIj, the output
SNR is:

V2 R2 12
SNRy = ——% = (28)
Vv
n,rms, TIA n,rms, TIA
The necessary output capacitance is then derived as
1 kT
Cp = M SNR, (29)

2
Ry I}

To calculate the necessary bandwidth, we approximate the
input transfer characteristic with its dominant pole:

V, N Rr (30)
Lin 1+ (CL+C§LRIS'S+CLRFS
The finite bandwidth causes a settling error E, setting a
requirement on g,:
Cc Cs)Rs + CLR 1
m%(L‘i‘ s) s+CLRp 1 31)
TyRs

This estimation slightly underestimates the necessary conduc-
tance, as it neglects the effects of the input pole.

For a Rr = 1.7MQ and assuming a MOSFET noise
temperature of 7 = 150K, a nqyr = 4 for the amplifier
and a settling error of E = 2% to be acceptable, we obtain
Cp = 4.4pF and g, = 244 uS. This TIA design corresponds
to an area consumption of 540 um?, following the estimation in
section V-A, if implementing the resistor with active devices.
When using a polysilicon resistor, the area estimation increases
to ~3000um?. The simulated behavior with the typical
parameters in table I is shown in fig. 15, demonstrating that
a settling TIA falls just short of the design target, due to the
influence of the neglected second pole. However, if changing
to a non-settling design by increasing the feedback resistance
to Rr = 10 M2 and keeping the same g, and C; parameters,
the integrating design exceeds the target specifications as seen
in fig. 15.

There is an important caveat of the non-settling TIA design:
if resetting the input capacitance Cs = 2 pF via Rr = 10M£2,
the reset time constant is 20 us, leading to significant inter-
symbol interference. This issue could be addressed either via
an adaptive time constant for resetting or by replacing the
resistor by a switch. The latter approach leads to the charge-
based amplification outlined in the following section.

C. Charge-Based Amplifier

To come close to the ideal matched-filter-based readout
strategy, we can use a charge-integration structure, as shown in
fig. 11 ¢). For the purpose of making this analysis analytically
tractable, we will for now assume both R; and Rg to be
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Fig. 17. SNR of the charge-based amplifier in model calculations and spectre
RF simulations, compared to the SNR limit.

very large in the circuit in fig. 16. Under this assumption,
the impulse response h(¢) of the circuit in fig. 16 is:

1
h(t) = (CF —

By convolution with the input step, we gain the output signal:

U’ Cr+CpL)(Cr+C
S*h(t:Th)z_‘Y(Th_( F+CL)(Cr + Cs)
Cr Crgm

Crem
. (1 — e_CLCS+CF<CL+Cs)T]’)) ~ LTy

(33)

(CF+CpL)(CF+Cs)
CLCsCp + C%(Cy + Cs)

4,44444£ZE§2L4444,Z
e TLGTCRCI ) (1) (32)

The approximation holds for sufficient settling of the
integration loop, i.e., for a sufficiently large g,,. The SET input
noise integration can be computed from the impulse response
as done in the previous section, but in the interest of space,
we approximate it here by assuming full integration of the
noise.

In this noise analysis, we follow the methodology described
in [64] and divide the operation into two phases: the reset
phase (R) and the integration phase (I NT). In the reset phase
we can simplify the circuit by assuming Cr to be shorted,
assuming that the switch conductance is sufficiently large.
In this case, the transfer function for the SET and amplifier
noise to the output during the R-phase (noting that the noise
sources are in parallel with the reset switches closed) is:

€1

: Bm (34)
I+52-(Cs+CL)

Hn,R(S) =

As the equivalent noise bandwidth is NBW = 4(0;"’#, the
total noise during the R-phase is:

1
4gm(Cs + Cp)
This noise is re-distributed to the feedback capacitor during

the integration phase with the ratio o = g—i During the INT-
phase the switch in fig. 16 is an open, resulting in the noise

V2g ris = (I3 amp + Snser) (35
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transfer function:
1+a
l 8m (3 6)
+oz
1 slte (1+aCF + CL)

Hy inT =

Therefore the settled noise in the INT-phase is:
(1+a)l? S
n,amp + 0 T
(1 o Cr+C L)

2
2Cy

where we use eq. (7) for the SET noise integration. Using eq.
(33) for the signal amplitude, the SNR becomes:

2
Vn,INT,RMS - (37

Ot2

SNRcs = (s xh(t =1Tp)) /(2C2 bt 4gm(Cs+Cp)

¢ +Ol) n,amp
4gm (H—a Cr+ CL)

As a starting point for the design, we assume a MOSFET
noise temperature of 150K, a 75, = 4,Cr = 150fF,
Cr = 6pF and g, = 500uS. This corresponds to a slight
overdesign, accounting for the neglected Rg. The resulting
model and simulated characteristics are plotted in fig. 17,
showing that the design meets the 10dB SNR target. This
charge-based design corresponds to an area consumption of
700 um?, following the estimation in section V-A.

X (L amp + S0) +

(38)

D. Current Pre-Amplifier

All previously analyzed receiver topologies benefit signifi-
cantly from an increase in signal current. Here, we evaluate
if preceding them with a continuous-time current amplifier,
as sketched in fig. 11 d), could be used to relax their
specifications. In such an amplifier, we would prefer a large
current gain B, a low input-referred noise current as well as
low input impedance. Given the sensor output impedance of
Rg, the input impedance needs to be below this by R;, < %,
we set a target of ¢ & 10, to avoid excessive signal loss at the
input.

To realize a low-power current-amplifier in a CMOS
technology in practice, the current mirror, see fig. 18, is a
natural choice. A current mirror with a current gain of
Lout /Iin = &m,P1/8m, P2 has an input referred noise of:

8m,P1
n in 4kTng Pl (1 + - )
8m, P2

(39)

For an input-referred noise of 134 fA/+/Hz (equivalent to a
10-dB SNR for T, = 1us as mentioned in section IV) and
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calculating the acceptable g, pi based on the above equation
and assuming a ratio of g, p2/gm.r1 = 10 as well as a MOS
noise temperature of 150K results in an upper bound for the
conductance of g, p; < 1.8uS. As the corresponding bias
current is significantly larger than the SET current, a current-
bleeding path (Ipjeeq in fig. 18) in parallel with the SET
needs to be used. Following this, the input resistance of the
structure is R;, > 540k<2, violating the input impedance
specification. To avoid this loss, a common-gate (CG) stage
can be employed. Even if biased in weak inversion with the
same current, the input resistance of the CG-stage is still
only ~3x smaller than the one of the current-mirror stage in
strong inversion (assuming ‘Z"}’VVI' / gIZ’ 5 11 ~ 3), thus requiring
a boosted CG stage, as shown in fig. 18 and as used in the
design in [25]. The noise contributed by the boosted CG stage
is approximately:

8m, NlAVnA+In Nl
14+ Rsgm, N1(1+A)+ - N1

(40)

Iy cc ~

with I, y1 the noise current of transistor Nj. If assuming no
boosting (A = 0), there is only weak suppression of the CG
noise due to the comparatively low sensor impedance, since
Rsgm,n1 ~ 133k - 5.5uS ~ 0.7. Also, the resulting R;, ~
180kS2 input impedance still leads to a & 2x signal loss.
If employing boosting, the amplifier noise appears across the
input impedance as / 3 boost = Vnz, A/ Ré (assuming a large gain
A), resulting in a specification for the amplifier input stage

8m,boost of:

(41)

8m,boost =

Budgeting half the maximum input-referred noise from eq.
(9) to the amplifier and assuming 7., = 4 for a differential
OTA leads to a requirement of gm poosr = 440pS. The
gain requirements for the amplifier are relatively moderate
if targeting R;, < 10, leading to a required gain A =~ 35
(also considering halving the current in P1 to make room
for the amplifier noise). The boosted CG-stage has the added
advantage of a well-defined input bias voltage, limited however
by the pole formed by the amplifiers g,, and Cs.

We evaluate this design in simulation for gy,,, = gmy, =
1uS, gmp, = 10gm,,, A = 35 and budgeting half the available
noise to the amplifier at a MOSFET noise temperature of
150K. For the purpose of this verification, we assume the
circuit is followed by an ideal integrator as the matched
receiver. The result in fig. 19 achieves sufficient performance.
The drop of SNR at higher frequencies corresponds to the
signal current being lost in Cg, which can be counteracted
by a larger boosting via A. When assuming a compensating
capacitance of 1pF at the output of the boosting amplifier,
this current pre-amplifier design corresponds to an area
consumption of 200 um?, again following the estimation in
section V-A.

An advantage of using the current pre-amplifier is the
reduction of kickback from the receiver circuit. The effects
of sampling or resetting in the receiver circuit will be reduced
by the reverse-isolation. In fig. 18 this isolation can be further
increased by adding cascodes at the output of the mirror.
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Fig. 19. SNR of current amplifier in spectre RF simulations.

E. Benchmark

The four front-end architectures discussed above each have
substantial benefits and challenges, summarized in table II
The power estimations in the table are derived from the
necessary transconductance, assuming a differential pair is
necessary in all cases and a g, /I; = 25 is attainable (see
measurements in fig. 7). The voltage amplifier provides the
lowest-power solution, but its input voltage definition relies
on external resetting and is not stable during integration.
The integrating transimpedance amplifier needs a significantly
more complex amplifier topology that results in a worse 1¢yrr
and therefore more power. It however does fix the sensor
voltage at the input and can work without a dedicated reset if
allowing enough time for settling. The charge integration uses
the most power and requires the largest output capacitance,
but includes both a practical input-voltage definition and a
fast reset. Finally, the current amplifier relies on one of
the preceding front-ends before slicing and uses considerable
power, but at the same time isolates the sensor from any
switching and allows for fast settling of the input node.
All approaches are small in area when compared to typical
microwave passive components, typical examples can be found
in [65] sized &~ 100 x 200um. Even the largest of the
amplifiers, the charge sampling amplifier, is estimated to be
implementable in a &~ 26 x 26 ym area.

A further consideration involves SET parameter variations,
as this may be significant both due to the extremely small
size of the device and limitation in fabrication uniformity in
currently available processes. SET parameter variations are
typically significant, requiring individual calibration of each
SET sensor. In the face of this, due to the comparatively large
output resistance of the SET, a voltage bias as implemented
in the TIA, charge-amplifier and current amplifier might cope
better with the variations than the voltage amplifier. When
taking into account the expected variations in SET signal level,
a trade-off appears between the amplifier power consumption
to guarantee an extra margin to handle the variations and the
circuit yield.

In fig. 20, we compare spectre-RF simulations of the
designs presented in this work, keeping all design parameters
constant and only changing the quantity of interest. For this,
we use the models derived in the previous sections and the
values reported in table II. By keeping all design parameters
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TABLE I
DESIGN COMPARISON

Metric VA TIA CS IA

Cr [pF] 027 44 6 1
Im [uS] 170 240 500 440
Power [uW] 14 19 40 35
Area [um?] 77 540 700 200
Fixed input bias X v v v
Reset-free X ) X v
Two-chip - + - +
Co-integration (+) - + -

unchanged, power consumption and area of the individual
circuit stays constant, allowing a direct comparison on how
the swept parameter affects the design. Note that all designs
approximately achieve a 10-dB SNR for 1 ps integration time
given the typical parameters defined in table I, as the circuits
were designed for such setting and target performance. In a),
the input-signal settling observed for the voltage amplifier and
TIA limits their SNR at lower frequencies, while the charge
sampling architecture and the current amplifier continue to
benefit due to integration. While the extent of this integration
is in theory limited by the dynamic range, this is likely not
problematic given the minute signal levels. For the case of
the current amplifier, this improvement only holds if it is
followed up by an integrating stage as detector (like the
charge sampler). Towards higher readout speeds all designs
offer limited performance, as surplus speed is linked to larger
power consumption. In b), the charge sampling again benefits
most from reducing the input capacitance, as this reduces
the feedback factor « and leads to both a more complete
signal integration and lower noise gain during integration.
If sweeping the input resistance up from the default value of
133k€2, the voltage amplifier improves dramatically, as this
increases the signal amplitude that can be integrated on the
parasitic input capacitance. This benefit can only be exploited
if the sensor can sustain the signal under the larger voltage
swings.

We judge from this analysis that the charge-sampling
amplifier is best suited for a potential co-integration. It requires
no significant innovations on the sensor side, and benefits
significantly from reducing the parasitic capacitance, allowing
to scale the power of this architecture in a co-integration
environment. The charge-sampler could be implemented
similarly to the one in [30], but a targeted co-integration design
could save much power or reach significantly higher speeds for
similar power. An example design assuming a small parasitic
capacitance of 50fF targeting a 100 ns readout requires e.g.
a 2mS transconductance, Cr = 50fF and C; = 10pF. This
would correspond to a 160 uW power consumption assuming
the above g,/l; = 25 and neyr = 2. For a two-chip
solution, on the other hand, without further sensor innovations,
the transimpedance amplifier or current pre-amplifier are well
suited, due to the comparatively lower power and good SET
bias definition. If however improving the sensor design as
suggested in [63], resulting in a significant increase in SET
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output impedance and therefore Rg, the voltage amplifier
promises to perform exceptionally well for a two-chip setup,
especially when implementing the g, with a high-mobility
transistor, such as, for example, a SiGe HBT. While the
long-term prospects of co-integration of SiGe HBT are more
difficult, such an integration could offer very low power
dissipation due to the large g,,/I; of the HBTs, significantly
beyond what is attainable with CMOS technology.

VI. CONCLUSION

In this paper, we have modeled the electronic interface
of a SET charge sensor for spin-qubit readout and derived
its intrinsic limit in signal-to-noise ratio. In order to
practically approach such limits, several circuit architectures
are proposed and analyzed analytically and numerically,
showing the advantages and disadvantages in terms of their
power dissipation, kickback towards the sensor, and capability
to accurately bias the SET. While the numerical results are
representative of a typical case, the approach can be adjusted
for the specific SET sensors, as required given the significant
spread of their parameters over reported experiments. The
design equations derived here represent the foundation to build
future low-frequency spin-readout interfaces with minimal
footprint and power dissipation, as required for large-scale
quantum computers. Based on our results, for a two-chip
solution, we suggest employing the TIA-based approach, while
in a co-integration scenario, charge-integration seems more
promising. Based on the gained insight, the model predicts
that, by appropriately minimizing the parasitic capacitance
between the sensor and the electronics, e.g., by adopting
monolithic integration, a charge sampling DC readout could
approach a 10dB SNR even with a 100 ns integration time and
160 uW power consumption, thus meeting the needs of future
quantum computers.

APPENDIX
BER FOR PAM

In reading spin qubits, the task is generally to read out spins
corresponding to a spin-up or spin-down state, in the following
denoted as 0 and 1. This is translated into an SET signal that is
a normally distributed with mean p¢ p1 and standard deviation
o9 = o1 = 0. The error in this case is given by:

1 1 X — o
Perror,O =z - Eerf (—)

42
5 N (42)

The optimal decision threshold for this case is the mid point,
such that x = %, with this:

1 lerf (Ml - Mo)
2\/50

P =-—=
error,Q ) )
Due to symmetry we have Perror.0 = Perror.1 = Perror- NOW
the power of this signal is given by:

1 o +p ) 1 1o +u1\
P, = - BT — - == 44
a 2(,“/0 ) +2 M1 ) (44)

_ (110 — 11)?
4

(43)

(45)

And with the Q-function Q(x) = % — %erf (\%) and
SNR = Le:

BER =0 (\/SN_R) (46)

Reversed we recover the SNR requirements for a given BER.
For example: for a readout fidelity of 99.9%, a common
threshold for practical quantum error correction, we require
a BER = 0.001, so a SNR of better than about 10dB.
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