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Abstract — This work describes a basic interface between solid-
state quantum bits (qubits) and classical environments. We de-
scribe a multiplexer, a circulator, and a low noise amplifier, de-
signed for cryogenic temperature operation in a 40 nm CMOS 
technology node. The circuits take advantage of traditional de-
sign styles, such as transmission gates, passive LC filters and 
switches, and recent developments, such as differential noise can-
celling with six-port transformers, while exploiting new cryogenic 
CMOS (cryo-CMOS) modeling for design and verification pur-
poses. 
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I. INTRODUCTION 
Physical implementations of scalable and reliable quantum 

processors have achieved significant progress in the last decade 
[1]. CMOS technology has been proposed to implement quan-
tum bit (qubit) controller circuits at cryogenic temperatures (4 
K), so as to reduce the complex interconnections between the 
deep-cryogenic quantum processor (20 mK) and room tempera-
ture microarchitectures [2]. A cryo-CMOS qubit controller 
consists of a write-in block to change the state of a qubit and a 
read-out block to sense the state. Both blocks make use of ra-
dio-frequency components and have similarities to a RF receiv-
er. Qubit read-out front-end circuits are generally operating at 
0.5-1.5 GHz (for spin qubits) and at 5-7 GHz (for transmon 
qubits). The drawback of a lossy substrate in bulk CMOS can 
be mitigated at cryogenic temperature due to increased resistiv-
ity of the frozen-out substrate, which is beneficial to design RF 
controller circuits. Analog circuits, such as ADC, DAC or PLL 
can also be integrated on the same system-on-chip (SoC) to 
implement a quantum processor controller. In this work, we 
describe three blocks, i.e. a multiplexer (MUX), a circulator, 
and a low noise amplifier (LNA), used in the readout of circuits 
that directly interface with the physical qubit as shown in Fig. 1 
[2],[3]. Due to the sensitivity limitation of the qubit sensor and 

the weakness of the qubit signal (~ -135 dBm), a strict low 
noise operation is required. 

II. CRYO-CMOS CIRCUITS FOR QUBIT READOUT 

A. Multiplexer 
Multi-qubit readout and control platforms advocate the use 

of frequency- and time-domain multiplexing. In time-domain 
multiplexing, the same hardware can be shared by multiple 
qubits by means of switches, for example in a RF reflectometry 
readout for spin qubits. Cryo-CMOS 4-to-1 analog multiplexers 
have been designed, fabricated in 40 nm bulk technology, and 
measured to verify operation at 300 K and 4 K. A transmission 
gate based architecture and tree structure, as shown in Fig. 2, 
has been chosen to minimize area, power, and delay. The tested 
chips show an insertion loss (and noise figure) of 0.5 dB, with 
an isolation of 30 dB using a 50 � reference impedance when 
operating at 4.2 K. The measured bandwidth is ~100 MHz, 
limited by the large capacitance of the test setup. The designed 
multiplexers show reduced insertion loss, improved isolation 
and larger bandwidth at cryogenic temperature, thus confirming 
the suitability of the approach. 

B. Circulator 
Circulators are used to route signals, while isolating the 

qubits from noisy environments, mostly in superconducting 
qubit readout systems, but also in some spin qubit experiments. 
Commonly, this is done by ferrite devices, which are bulky and 
sensitive to magnetic fields. Thus, an integrated cryo-CMOS 
passive circulator has been designed as a compact and non 
magnetic alternative. The circuit operates at 5-7 GHz and uses 
passive LC filters and switches, as shown in Fig. 3, to realize 
non-reciprocity via constructive and destructive interference 
[4]. In 40 nm technology, at 300 K the insertion loss is ~3 dB 
and the isolation 18 dB over the bandwidth, while they are ex-
pected to reduce to less than 2 dB insertion loss and 20 dB iso-
lation at 4.2 K, thanks to the reduced ON resistance of switches 
and improved Q factor of passives. The power consumption is 

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No. 688539. 

M
U

X

qubit1
qubit2

qubitn LNA Mixer

4K20mK

ADC

LNA

Mixer

Circulator JPA

4K

20mK

To ADC

DA

Transmons

(a)

(b)

VCO

VCO

 
Fig. 1. Qubit readout front-end circuits for (a) spin qubit and (b) transmon 

qubit. 
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Fig. 2. Cryo-CMOS multiplexer structure. 
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Fig. 3. Cryo-CMOS circulator block diagram [4]. 
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below 5 mW in all operating conditions, making it suitable for 
operation in a dilution fridge. 

C. Low Noise Amplifier 
To read out the qubit state with high fidelity, the noise fig-

ure (NF) of the LNA should be < 0.1 dB at 4 K. With the aid of 
frequency multiplexing, a single wideband LNA (0.5-1.5 GHz) 
can be utilized to sense and amplify multichannel spin qubit 
signals, so as to lower power dissipation and reduce system 
complexity [5]. For transmon qubits, a LNA with bandwidth of 
5-7 GHz is also required. The common source noise cancella-
tion (NC) topology has been used to fulfill a wideband CMOS 
cryogenic LNA for spin-qubit RF-reflectometry and is shown 
in Fig. 4 [2]. This structure cannot be easily ported to design 
LNAs operating at 6 GHz for superconducting qubit readout 
due to the large input parasitic capacitance. Assuming dimen-
sions of M1 and M2 are 30 �m/60 nm and 160 �m/60 nm re-
spectively, the total parasitic capacitance of node A is about 0.2 
pF, which degrades input return loss ���  to about 9.5 dB as 
frequency increases from 1 GHz to 6 GHz. In addition, the 
phase difference of two combined noise signals at node C will 
deviate from 180° to ~160° with frequency rising to 6 GHz, then 
noise cancellation will be incomplete. Similar performance 
degradation will also occur to a common gate NC LNA work-
ing at higher frequency [6].  NC techniques are extended for 
high frequency applications by using inductors to counteract 
the capacitive effects, as shows Fig. 5 [7]. Nevertheless, a 0.8 
nH two-turn spiral inductor realized by 3.4 μm Cu metal in 
bulk CMOS still induces ~0.4 dB insertion loss at cryogenic 
temperature, which will compromise the NF. Another draw-
back of traditional NC structures is that only channel noise of 
M1 (���������) can be cancelled out, then large transcon-
ductance of M2 (��� ) should be used to partially suppress 
noise of the auxiliary path at the cost of high power consump-
tion, which also should be avoided to relax cooling require-
ments. 

Considering the challenging requirements on NF (< 0.1 dB), 
bandwidth (>33%) and power dissipation (<150 μW/qubit) for 
transmons qubit readout, a fully differential LNA as shown in 
Fig. 6(a) is proposed. First, the half circuit is a combination of 
common source and common gate NC circuits, and this mutual 
noise cancellation between two paths suppresses channel ther-
mal noise of M1 and M2 [8]. By careful design of biases and 
dimensions of M1-6, noise of M1/M4 can be entirely cancelled 
out and noise contributed by M2/M5 will be reduced by 75%. 
Second, the input transformer is used for wideband impedance 
matching at the center frequency (6 GHz). The transformer is 
easily compressed to a single footprint to save area and to re-
duce the insertion loss. One possible layout is shown in Fig. 
6(b): unlike the single-ended configuration (noise mutual cou-
pling for NC is via the two turns of a symmetrical inductor), the 
noise coupling is through the arms of the two secondary coils in 
the transformer, which makes the transformer design more flex-
ible. In addition, the differential topology is appropriate to inte-
grate with differential circuits such as circulators in the qubit 
readout system. 

III. CONCLUSIONS 
Cryogenic CMOS (cryo-CMOS) circuits for qubit readout 

are described in the paper. The 4-to-1 MUX utilizes transmis-
sion gate based architecture and exhibits the expected function-
ality with improved performance at 4.2 K. The passive circula-
tor is based on LC filters and switches, and is expected to 
achieve < 2 dB IL and 20 dB isolation. The NC LNA topolo-
gies are reviewed and briefly analyzed. The inductorless NC 
LNA can hardly be used for 6 GHz applications, so a differen-
tial mutual NC circuit is proposed for qubit readout. All the 
circuit blocks are designed in standard bulk CMOS process, 
which offers the possibility to achieve a fully integrated readout 
system. 
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Fig. 4. Simplified schematic of NC LNA for spin qubit RF reflectometry [2].
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