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Abstract - This paper presents the design of a cryo-CMOS 

parametric amplifier suitable for operation at 4K and mK 

temperatures within the readout chain of quantum computers. 

It was experimentally verified that thermal noise introduced 

through the LO input path degrades the noise performance of 

the circuit. A parametric amplifier design capable of functioning 

with low local oscillator (LO) pumping power was proposed to 

mitigate this problem, providing a significant attenuation 

margin to safeguard against external noise. By optimizing the 

core parasitic resistance and adjusting the matching point, the 

parametric amplifier was measured 0 dB gain with 20 dBm LO 

power at 300K, and 15.2 dB gain with 0dBm LO power at 4K. 

Keywords—Cryogenic, CMOS, parametric amplification, low 

noise, low power 

I. INTRODUCTION 

Quantum computing, unlike conventional binary-based 

computers, leverages quantum mechanical phenomena such 

as superposition and entanglement to perform computations. 

This advanced technology enables the rapid simulation of 

material structures and chemical reactions, thereby 

contributing to drug discovery [1]. Furthermore, quantum 

cryptographic techniques facilitate the establishment of 

enhanced security systems [2]. Recent studies have also 

indicated that quantum machine learning algorithms can 

achieve superior learning performance compared to classical 

machine learning approaches [3]. Notably, IBM has recently 

succeeded in implementing a 127-qubit quantum processor, 

solidifying its leadership in the field of quantum computing 

[4]. As the scalability of qubits increases, the development of 

circuit technologies capable of controlling and reading these 

qubits becomes imperative. 

The transmon qubit has been actively investigated as a 

scalable solution for quantum computing. To read out the 

qubit state, a test signal is applied to the qubit at sub-

millikelvin (mK) temperatures, and the reflected signal 

carries information about the qubit state. Since the power 

level of the reflected signal is extremely low, approximately 

-125 dBm, the noise characteristics of the receiving system

are a critical specification in the overall system design as 

shown in Fig. 1. Additionally, maintaining sub-mK 

temperatures is crucial for the operation of transmon qubits, 

which imposes constraints on heat capacity. Consequently, 

conventional low-noise amplifiers (LNAs) that consume 

substantial DC power are unsuitable for this application. To 

address this limitation, the Josephson Parametric Amplifier 

(JPA), which operates without DC power consumption, is 

commonly utilized in the first stage of the readout chain as 

shown in Fig. 1. While JPAs offer excellent noise and gain 

performance, their reliance on off-chip components poses 

scalability challenges. As a result, there is growing interest in 

implementing parametric amplifiers using CMOS technology 

[5]. 

This study proposes a parametric amplifier circuit 

implemented using CMOS processes. By employing a single-

balanced mixer-type parametric amplifier along with a 

diplexer, this design presents a low-power, compact-area 

system compared to conventional double-balanced 

architectures. This approach aims to improve scalability and 

efficiency, addressing critical challenges in the practical 

realization of quantum computing hardware. 

II. PARAMETRIC AMPLIFIER DESIGN

The structure of the proposed parametric amplifier is 

illustrated in Fig. 2. This circuit is designed in a single-

balanced mixer configuration, comprising a diplexer, a 

varactor core, and an RF matching network. A 7.5 GHz 

signal, reflected from the qubit, is applied to the RF port, 

while a 15 GHz LO signal is generated and applied via a 

signal generator. The diplexer converts these signals into 

differential signals and delivers them to the varactor core. 

Due to the nonlinear reactance of the varactor, the combined 

signals undergo amplification and are subsequently reflected. 
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Fig. 1. RF reflectometry qubit readout block diagram. 
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The amplified signal is then separated and extracted through 

the IF port via the diplexer. 

 

A. Parametric amplifier gain/noise 

The gain and noise equations of the parametric amplifier 

are derived under the assumption of an ideal filter, as 

illustrated in Fig. 3. The RF and LO frequency sources are 

applied around the variable capacitor, and due to the 

nonlinear variation of the capacitance, frequency mixing 

occurs. The energy of the mixed frequency components 

satisfies the following relationship [6], [7]. 

 

∑  ∞
𝑚=0 ∑  ∞

𝑛=−∞
𝑚𝑃𝑚,𝑛

𝑚𝑓LO+𝑛𝑓RF
= 0 (1) 

∑  ∞
𝑚=−∞ ∑  ∞

𝑛=0
𝑛𝑃𝑚,𝑛

𝑚𝑓LO+𝑛𝑓RF
= 0 (2) 

 

When the mixed frequencies satisfy the condition ωRF <
𝜔𝐿𝑂, resulting in an inverted frequency band, the power 

applied from the LO signal source is converted into RF and 

IF frequency power components, leading to amplification, as 

described by Equations (1) and (2). Here, 𝑃𝑚,𝑛 denotes the 

power at 𝑚𝑓LO + 𝑛𝑓RF . When a high-power LO signal is 

applied to the variable capacitor, its capacitance varies over 

time according to Equation (3). This variation, combined with 

the applied RF signal, results in frequency mixing, which can 

be modeled using the conversion matrix described in 

Equation (4). Here, 𝑅𝑝 represents the parasitic resistance of 

the variable capacitor, 𝐶0 represents fixed capacitance, 𝑉𝐿𝑂 

denotes LO voltage amplitude, and C′ denotes the slope of the 

C-V curve. In this work, a 𝐶0 value of 1.2 pF was used. 

 

𝐶(𝑡) = 𝐶0 + 𝐶′𝑉𝐿𝑂𝑐𝑜𝑠𝜔𝐿𝑂𝑡          (3) 
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𝑅𝑝: 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒, 𝐶0 = 𝑓𝑖𝑥𝑒𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒,  

𝐶1 = 𝐶′𝑉𝐿𝑂 
 

Subsequently, when the impedance of the source and load 

is matched, as illustrated in Fig. 4, the resulting gain (𝐺T) and 

noise (F) equations are given by Equations (5) and (6), 

respectively. Here, 𝐺RF , 𝐺IF represent the conductance of 

the matching network, 𝑌s denotes source admittance, while 

𝑄𝐼𝐹  and 𝑄RF denote the quality factors of the matching 

network. Achieving high gain and low noise requires careful 

consideration of the conductance seen by the core through the 

matching network, as well as the amplitude of the voltage 

swing applied from the external LO source. At lower 

temperatures, reduced thermal carrier dispersion enhances the 

sensitivity of the CMOS varactor depletion region to gate 

voltage, thereby increasing the slope 𝐶1. This increase in 𝐶1 

leads, according to Equations (5) and (6), to higher gain and 

lower noise performance at reduced temperatures. 
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B. Varactor core structure 

Excluding the effects of impedance matching, the 

dominant parameter determined by the variable capacitor 

structure is the parasitic resistance 𝑅𝑝,RF, and minimizing 

this resistance is crucial for optimizing the noise and gain 

performance of the amplifier. Fig. 5 compares the 

conventional double-balanced structure with the proposed 

design. A double-balanced ring core configuration is 

commonly used to facilitate impedance matching and 

 

 
Fig. 2. Proposed parametric amplifier structure. 

 

 
Fig. 3. Ideal parametric amplifier. 

 

 

 
Fig. 4. Equivalent circuit of the parametric amplifier to derive a gain. 

 

 

 
Fig. 5. (a)Conventional double-balanced parametric amp, (b)proposed 

single-balanced structure parametric amp. 
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maintain port isolation. However, when utilizing four 

identical variable capacitors, the design suffers from 

increased parasitic resistance and requires a relatively larger 

chip area. In contrast, by employing a single-balanced 

structure where two variable capacitors are connected in 

series, the equivalent parasitic resistance modeled in parallel 

effectively doubles, while 𝐶0 is reduced by half. This 

modification leads to improvements in both gain and noise 

performance. 

To maintain isolation between ports, a diplexer was 

incorporated into the design. A diplexer is a frequency-

selective device used to separate signals in different 

frequency bands [8]. Unlike conventional balanced 

structures, where isolation is achieved through symmetry, the 

single-balanced topology requires explicit separation of the 

 

 
(a)                               (b) 

Fig. 6. Diplexer structure of (a) high frequency operation and (b) low 
frequency operation. 

 

 
Fig. 7. Effect of a single-ended series inductor of diplexer 

 
(a) 

 
(b) 

 

Fig. 8. Schematic of (a) high gain version and (b) low noise version 

 

 
(a) 

 
(b) 

 
Fig. 9. Simulated conversion gain and noise performance at 4K of (a) high 

gain version with -10 dBm LO power (b) low noise version with  

-6 dBm LO power and (c) IP1dB of amplifier. 
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IF signal, which is generated by mixing with the high-

frequency LO signal. As shown in Fig. 6, a series LC short 

circuit resonating at the LO frequency is employed to 

maintain isolation between the LO and IF ports. This 

configuration ensures that LO power is efficiently delivered  

to the core while preventing interference between the LO and 

IF signals. Additionally, since this LC short appears 

capacitive at lower frequencies, it forms a low-pass filter in 

conjunction with the series inductor at the IF frequency. This 

design facilitates the transmission of the reflected IF signal 

while further filtering the LO signal. For the fundamental 

matching structure, a second-order doubly tuned transformer 

matching network was employed [12]. Since the diplexer 

simultaneously performs both impedance matching and 

signal separation, it contributes to area efficiency. Moreover, 

by reducing the number of variable capacitors in the core by 

half, the proposed design achieves a more compact layout. 

 

C. RF matching structure 

The design considerations for the RF matching network 

primarily involve maximizing 𝐶′  while minimizing 𝐺𝑅𝐹 . 

The variation in 𝐶′ within the RF matching circuit structure 

arises from the presence of a series inductor in the diplexer 

configuration, as illustrated in Fig. 7. Given that the RF 

matching network is single-ended, the series inductor within 

the diplexer transformer induces resonance, leading to an 

increase in the effective capacitance and a more pronounced 

variation. This characteristic is beneficial for achieving 

higher gain at lower LO power levels. However, this also 

results in an expanded unstable region, making the system 

more susceptible to variations in the matching network, 

thereby introducing a trade-off between stability and 

performance. 

To mitigate this issue, two distinct design methodologies 

were implemented. The first approach, tailored for low LO 

power applications, involved grounding the center tap of the 

diplexer to preserve the influence of the series inductor and 

enhance, thereby facilitating higher gain at reduced power 

levels. The second approach, optimized for low-noise 

 

 
Fig. 11. On-wafer measurement setup 

 

 
Fig. 12. Measured RF,IF,LO return loss vs frequency at 300K on wafer 

measurement 

 

 
Fig. 13. Measured conversion gain vs RF frequency at 300K on wafer 

measurement 

 
Fig. 10. A photograph of high gain version parametric amplifier 

 

TABLE1. Comparison Table 
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performance, incorporated a series capacitor at the center tap 

of the diplexer  (𝐶𝑐𝑡𝑎𝑝) . This capacitor resonates with the 

series inductor, yielding a matching circuit that exhibits 

reduced sensitivity to variations in both the matching network 

and LO power, ultimately optimizing the design for minimal 

noise. 

The schematic of the fully designed chip is shown in Fig. 

8, and the simulated performance is presented in Fig. 9 and 

TABLE 1. The low-LO-power version achieved a gain of 17.3 

dB with an LO power of −10 dBm, while the corresponding 

noise temperature was 19.6 K and -51dBm IP1dB. In 

addition, the low-noise version exhibited a noise temperature 

of 8.8 K at an LO power of −6 dBm, with a corresponding 

gain of 14 dB. The low-power-matching version 

demonstrates a reduction of approximately 6 dB in required 

LO power relative to previous studies, while maintaining 

comparable gain and noise performance. Meanwhile, the low-

noise-matching version achieves simulated single-digit noise 

temperature performance. The area efficiency afforded by 

CMOS implementation is also preserved. 

 

 
III. MEASUREMENT RESULTS 

The parametric amp was fabricated using a 65-nm bulk 

CMOS process, and Fig. 10 presents the chip photograph 

(0.66 mm × 0.785 mm). Due to issues related to sawing and 

wire bonding, chip measurements were conducted only for 

the high-gain version of the parametric amplifier. 

 

A. On-wafer measurement 

As shown in Figure 11, on-wafer measurements were first 

conducted in a 300K environment. Fig. 12 presents the return 

loss measured at each RF, IF, and LO port. It was observed 

that the RF and IF ports, matched at 7.5 GHz, and the LO 

port, matched at 15 GHz, exhibited measurement results 

consistent with the simulation. 

Next, the measurement results of the conversion gain 

through amplifier operation are presented in Fig. 13. The 

conversion gain was determined by measuring the power of 

the mixed IF frequency using a UXA, with a 7.5 GHz RF 

signal and a 15.5 GHz LO signal applied via a signal 

generator. The measurement results demonstrated that the 

gain increased as the amplitude of the applied LO signal 

increased, which was consistent with the simulation. 

Additionally, in the 300K environment, the presence of large 

parasitic resistance led to a negative conversion gain. 

 

B. 4K PCB measurement 

Fig. 14 is the measurement setup in the refrigerator. For the 

experiment in a 4K environment, a dilution refrigerator from 

Bluefors was used to mount the PCB and perform cooldown. 

The measured conversion gain is presented in Fig. 15. When 

a 16.4GHz LO power of 0 dBm was applied to the chip, a 

conversion gain of 15.2 dB was obtained. This gain level 

corresponds to the simulated value when an LO signal of -4 

dBm was applied; however, the actual measurement required 

a stronger LO power. The discrepancy between simulation 

and measurement is attributed to the uncertainty in 4K 

environment simulations. As shown in Figs. 12 and 13, the 

return loss and conversion gain measured at room 

temperature (300 K) exhibit trends that closely match the 

simulation results. However, under the 4 K environment, 

since the data provided in the PDK documentation and EMX 

simulation process files are only guaranteed for temperatures 

above -40°C, it is challenging to predict trends of the 

variation of the varactor C–V characteristics in a 4K 

environment. Consequently, while debugging with previous 

measurements allowed the frequency of the gain peak to 

match, the required input power still exhibited uncertainty. 

Additionally, this discrepancy may also stem from errors in 

the LO pattern observed during the process of measuring LO 

path loss in the dilution refrigerator. 

 

 
IV. CONCLUSIONS 

In this paper, a cryogenic CMOS parametric amplifier was 

designed for superconducting qubit-based quantum 

computing. To enhance the scalability of quantum computers, 

a compact design is required, while achieving high fidelity 

necessitates high gain and low noise performance. To 

overcome the limitations of previous research, a single-

balanced architecture was adopted to minimize the impact of 

 

  
              (a)                           (b) 

Fig. 14. 4K measurement (a) setup, (b) mounted PCB 

 

Fig. 15. Measured conversion gain vs RF frequency at 4K PCB 

measurement 
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parasitic components. Additionally, simultaneous 

implementation of impedance matching and port isolation 

enabled a compact design. Furthermore, an appropriate 

matching structure for the RF port was selected to facilitate 

the design of a high-gain, low-noise amplifier. The measured 

gain in a 4K environment exhibited a conversion gain of 15.2 

dB when a 0 dBm LO signal at 16.4 GHz was applied. 

Although this result was obtained with an LO power 4 dBm 

higher than the simulated value, it was consistent with the 

frequency response predicted by simulation. Also, reducing 

core parasitics and selecting a relaxed matching point enabled 

the improvement of noise performance in the single-digit 

Kelvin range. 
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