
Journal of Electrical Engineering, Vol. 74, No. 3, 2023, pp. 177-183 

 sciendo 

PAPER________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

__________ 

1Department of ECE, National Institute of Technology, Jamshedpur, India 
2Department of ECE, GLA University, Mathura, India  

dheeraj_kalra7@yahoo.co.in, vishal.goyal@gla.ac.in, manish.kumar@gla.ac.in, mayank.ece@nitjsr.ac.in 

 

https://doi.org/10.2478/jee-2023-0023, Print (till 2015) ISSN 1335-3632, On-line ISSN 1339-309X 
© This is an open access article licensed under the Creative Commons Attribution-NonCommercial-NoDerivs License 

(http: //creativecommons.org/licenses/by-nc-nd/4.0/). 

 

Mutually coupled CG-CS current reuse low noise amplifier architecture  

for 4 – 14 GHz frequency 
 

Dheeraj Kalra1,2, Vishal Goyal2, Manish Kumar2, Mayank Srivastava1 

 
The current research paper presents a design of a mutually coupled cascode Common Gate Common Source (CG-CS) Low Noise Amplifier 

(LNA) using current reuse technique. The proposed design provides a significant improvement in the gain and noise performance of the LNA, 

while also reducing power consumption. Mutually coupled inductors help in reducing the size of the circuit while transformer connected at the 

output provide output impedance matching.  Proposed LNA simulated for the 4–14 GHz RF frequency. Mathematical analysis of proposed LNA 

has been analyzed using the small signal model henceforth input impedance; gain and Noise Figure (NF) have been derived from it. The design 

and simulation results show that the proposed LNA design with current reuse technique achieved a maximum gain of 17.87 dB, minimum NF of 

5.45 dB, and input reflection coefficient less than –10 dB for the 10 GHz bandwidth. These results indicate a significant improvement in the 

overall performance of the LNA compared to conventional designs as Figure of Merit (FoM) is 17.34. 
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1. Introduction 

LNA is a critical component in modern communication 

systems. It is used to amplify the weak incoming signal received 

by the antenna and to maintain the signal-to-noise ratio (SNR) 

of the system. For high frequency applications, such as 

millimeter-wave communication systems, the design of an LNA 

becomes more challenging due to the increased losses and NF 

of the components at higher frequencies. In recent years, there 

has been significant research focused on developing LNAs for 

high frequency applications. One approach is the use of 

advanced semiconductor technologies such as indium 

phosphide (InP) or gallium nitride (GaN) to achieve high 

performance at high frequencies. Another approach is the use of 

innovative circuit topologies, such as cascode and common 

gate, to achieve better noise and gain performance. Several 

research works have reported the design of LNAs for high 

frequency applications using InP technology. For instance, a 24 

GHz InP HEMT LNA was designed and fabricated by [1]. The 

LNA exhibited a minimum NF of 2.2 dB, a maximum gain of 

16.6 dB, and an input return loss of –14 dB. Similarly, [2] 

presented the design of a 60 GHz InP HEMT LNA with a NF of 

2.7 dB and a gain of 14 dB. Other research works have proposed 

innovative circuit topologies for LNAs at high frequencies. For 

example, [3] proposed a cascode LNA with improved linearity 

and gain performance for millimeter-wave applications. The 

LNA designed using a 90 nm CMOS process and exhibited a 

NF of 3.3 dB, a gain of 16.5 dB, and a 1-dB compression point 

of –11 dBm at 60 GHz. [4] proposed a 60 GHz CMOS LNA 

using a common gate topology with an inductor-peaking 

technique. The LNA exhibited a NF of 5.2 dB, a gain of 

10.7 dB, and an input return loss of –12 dB. Similarly, [5] 

presented a 24 GHz CMOS LNA with a CS topology that used 

a modified T-match network to improve the input matching. The 

LNA exhibited a NF of 3.8 dB, a gain of 19 dB, and an input 

return loss of –19 dB. Another approach for designing CMOS 

LNAs for high frequency applications is the use of advanced 

CMOS process technologies, such as silicon germanium (SiGe) 

or RF CMOS, to achieve better performance at high 

frequencies. For example, [6] presented a 60 GHz RF CMOS 

LNA that exhibited a NF of 3.1 dB, a gain of 10 dB, and an input 

return loss of –14 dB. Similarly, [7] designed a 77 GHz SiGe 

LNA with a NF of 3.6 dB, a gain of 16 dB, and an input return 

loss of –10 dB. In conclusion, the use of CMOS technology for 

designing LNAs for high frequency applications is a 

challenging task. Innovative circuit topologies and advanced 

CMOS process technologies have been proposed to achieve 

high performance at high frequencies. The performance of the 

LNA is highly dependent on the circuit topology, 

semiconductor technology, and fabrication process used. 

Section 2 describe the CG and CS amplifier stages with 

mutually coupling between the inductors and its design 

considerations. The impedance matching, gain analysis and NF 

analysis have been discussed with the mathematical derivations. 

Section 3 describes simulation results and analysis of 

performance metrics along with comparison to other LNA 

designs in the literature. 
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2. Mutually coupled CG-CS LNA design 

The circuit diagram is shown in Fig. 1. 
 

 

Fig. 1. Proposed Mutually Coupled CG-CS LNA 

Table 1. Circuit Parameters for Proposed LNA 

(
37.5 𝜇m

45 𝑛m
)

𝑀1
 (

42.5 𝜇m

45 nm
)

𝑀2
 (

6.2 𝜇m

45 nm
)

𝑀3
 

(
10𝜇m

45 nm
)

𝑀4
 (

10𝜇m

45 nm
)

𝑀5
 (

23.7 𝜇m

45 nm
)

𝑀6
 

(
26.3 𝜇m

45 nm
)

𝑀7
 

(1 nH)𝐿1 (3.5 nH)𝐿2 

(20 nH)𝐿3 (1.1 kΩ)𝑅1 (100 Ω)𝑅3 

(1.3 kΩ)𝑅2 (6 pF)𝐶2 Coupling 

Coefficient 

𝑘 = 0.835 
𝐶1 = 𝐶3 = 𝐶4 = 𝐶5 = 1 pF 

 

The analog circuit operating in subthreshold region consume 

very low power but required a trade-off with bandwidth and 

linearity. The biasing of proposed circuit provides high 

transition efficiency gm/ID as compared with strong inversion 

(SI). The proposed LNA consists of a two-stage common gate 

(CG) cascaded with a CS-CG stage. The first stage provides 

proper input impedance matching RS=1/gm minimizing the 

reflection and increase the gain [14]. While second stage 

provide the high gain with noise cancellation at output terminal. 

Since inductor consume large chip area, Therefore, inductors  𝐿1 

and 𝐿2 are mutually coupled to reduce the area and provide extra 

variable (coupling coefficient) to optimize the impedance 

matching. For output matching a buffer and transformer is 

added. Table 1 showing the parameters of components 

connected in the proposed circuit. 

 

2.1   Input matching 

Wideband input matching is gained by setting gm=1/RS, 

where RS=75 Ω. Working in subthreshold region it become 

challenging to achieve this transconductance due to requirement 

of a large device, henceforth large input gate to source 

capacitance 𝐶𝑔𝑠 which reduced the bandwidth. However, to 

reduce the dependence of input impedance on 𝐶𝑔𝑠 an inductor 

𝐿1 which is mutually coupled with 𝐿2 is used. The input 

impedance of proposed circuit is given by equation [13] 

 

𝑍𝑖𝑛 = 𝑍3 ∥∥
∥ 1

𝑔𝑚1(1−𝛼)∥
∥∥

1

𝑠𝐶𝑔𝑠1(1−𝛼)
 ,              (1) 

 

where 𝑍3 is the impedance without considering the effect of 

Inductor 𝐿1 and 𝛼 is the complex coefficient defined by 

equation  

 

𝛼 =
𝑠𝐶𝑔𝑠1(

1

𝑍1
+𝑠𝐶𝑔𝑑1)+𝑠𝐶𝑔𝑑1𝑔𝑚1

(
1

𝑍1
+𝑠𝐶𝑔𝑑1)⋅(

1

𝑍2
+𝑠𝐶𝑔𝑠1+𝑠𝐶𝑔𝑑1)+𝑠𝐶𝑔𝑑1(𝑔𝑚1−𝑠𝐶𝑔𝑑1)

.   (2) 

 

𝑍1, 𝑍2 and 𝑍3 are given by equation (3) (4) and (5) 

respectively. 

𝑍1 = 𝑅1 ‖[𝑠(𝐶𝑑𝑏1 + 𝐶𝑔3)]
−1

              (3) 

𝑍2 = (𝑠(𝐿1 + 𝑀) + 𝑅𝐿1) ‖(
1

𝑠𝐶𝑔𝑏1
)               (4) 

𝑍3 = (𝑠(𝐿2 + 𝑀) + 𝑅𝐿1) ‖(
1

𝑠𝐶𝑔𝑠2
)               (5) 

 

The proposed LNA is designed to achieve the objective of  

𝑆11 < −10 𝑑𝐵. 

 

 

2.2   Gain analysis 

Figure 2 displays the small signal model of the proposed 

mutually coupled LNA. Let 𝐴1 be the gain of MOS M1, 𝐴2 is the 

gain of MOS M2 i.e. from its input to the output and 𝐴3 is the 

gain provided by the MOS M3. Hence, the overall gain will be 

given by 𝐴𝑉 = 𝐴1 ⋅ 𝐴3 + 𝐴2. As shown in Fig. 3, the signal at 

the input of CG stage is further amplified with the CS stage1 

while signal travels through second path, i.e., CS stage 2. It can 

be observed that the signals at the output of stage 1 and 2 are 

having the same phase and henceforth the overall gain of the 

circuit is high. The derived values of 𝐴1, 𝐴2 and 𝐴3 are given in 

equation (6), (7) and (8). 

𝑍𝑖𝑛 

A 



Journal of Electrical Engineering, Vol. 74, No. 3, 2023                                                          179 

 

 

 

Fig. 2. Small signal model of the proposed mutually coupled 

LNA 

𝐴1 = 𝑔𝑚1(1 − 𝛼)𝑅1 ‖[𝑠(𝐶𝑑𝑏1 + 𝐶𝑔3)]
−1

      (6) 

𝐴2 = (
𝑔𝑚2+𝑠𝐶𝑔𝑑2

1
(𝑅3+𝑠𝐿3)⁄ +𝑠𝐶𝑑𝑠2+𝑠𝐶𝑔𝑑2+1

𝑟02⁄
)              (7) 

𝐴3 =
𝑔𝑚3((𝑅3+𝑠𝐿3)‖1

𝑠𝐶𝑑𝑏3
⁄ )

1+
𝑔𝑚3

𝑠𝐶𝑠𝑏3
⁄

                     (8) 

𝐴𝑉 = 𝐴1 ⋅ 𝐴3 + 𝐴2                                (9) 

 

2.3   Noise calculation 

Thermal noise in MOS devices is caused by the random 

movement of charge carriers. This movement of charge carriers 

can create fluctuations in the electrical signal, which can affect 

the performance of MOS devices. The amount of thermal noise 

in MOS devices is determined by several factors, including the 

temperature of the device, the size of the device, and the type of 

material used in the device. Generally, as the temperature of the 

device increases, the amount of thermal noise also increases. 

One way to reduce thermal noise in MOS devices is to reduce 

the size of the device, as this can reduce the number of charge 

carriers that are present in the device. Additionally, using 

materials with a lower level of noise can also help to reduce the 

amount of thermal noise in MOS devices. Thermal noise is an 

important consideration in the design and operation of MOS 

devices, as it can affect the performance and reliability of these 

devices. Engineers and designers must take into account the 

effects of thermal noise when designing and optimizing MOS 

devices for various applications.  

 

Fig. 3. Noise analysis of the proposed mutually coupled LNA 

 

Figure 3 shows the propagation of noise through the various 

stages of LNA. The thermal noise present at the drain and source 

of MOS M1 (CG Stage) are opposite in phase as depicted in 

Fig. 3. Further the noise gets amplified by CS stage 1 as well as 

another path CS stage 2. It can be noticed that the two noises are 

having the opposite phase at the output so therefore the resulting 

noise is less henceforth the NF get improved. The total noise is 

the noise contributed by the various components connected in 

the circuit. The noise current due to M1, M2, M3, R1 and R2 are 

given in equations (10) – (14).  

 

𝐼𝑛𝑜𝑢𝑡,𝑀1
2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ = 4𝑘𝑇

𝛾

𝛼
𝑔𝑚1 (

𝑍1𝐴3

𝑍4
)

2

,                 (10) 

where   𝑍1 = 𝑅1 ‖[𝑠(𝐶𝑑𝑏1 + 𝐶𝑔3)]
−1

, 

  𝑍4 = (𝑅3 + 𝑠𝐿3)‖[𝑠𝐶𝑑𝑏3]−1 

 

Here, 𝛼 is the ratio of MOS transconductance and drain 

conductance at zero bias, and 𝛾 is thermal noise parameter 

having a value of 2/3 for long channel devices and greater than 

1 for short channel devices. 

 

𝐼𝑛𝑜𝑢𝑡,𝑀2
2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ = 4𝑘𝑇

𝛾

𝛼

1

𝑔𝑚2
(𝐺𝑚2)2                   (11) 

𝐼𝑛𝑜𝑢𝑡,𝑀3
2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ = 4𝑘𝑇

𝛾

𝛼

1

𝑔𝑚3
(𝐺𝑚3)2                   (12) 

𝐼𝑛𝑜𝑢𝑡,𝑅1
2̅̅ ̅̅ ̅̅ ̅̅ ̅ =

4𝑘𝑇

𝑅1
(𝑍1𝐺𝑚3)2                          (13) 

𝐼𝑛𝑜𝑢𝑡,𝑅3
2̅̅ ̅̅ ̅̅ ̅̅ ̅ =

4𝑘𝑇(𝑅3+𝑅𝐿3)

(𝑠𝐿3+𝑅3+𝑅𝐿3)
                             (14) 

 

Here, 𝐺𝑚2is transconductance gain from M2  gate to output 

and 𝐺𝑚3 is transconductance gain from M3 gate to output. The 

overall noise factor is given in equation (15). 

 

F=1+
𝐼𝑛𝑜𝑢𝑡,𝑀1

2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ +𝐼𝑛𝑜𝑢𝑡,𝑀2
2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ +𝐼𝑛𝑜𝑢𝑡,𝑀3

2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ +𝐼𝑛𝑜𝑢𝑡,𝑅1
2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ +𝐼𝑛𝑜𝑢𝑡,𝑅3

2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

𝐼𝑛𝑜𝑢𝑡,𝑅𝑠
2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅      (15) 
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2.4   IIP3 analysis 

The input third-order intercept point (IIP3) is a measure of 

the linearity and distortion characteristics of the amplifier. It 

represents the input power level at which the third-order 

intermodulation distortion (IMD) products reach the same level 

as the input signal. In other words, when the input power is 

increased to a level corresponding to the IIP3, the third-order 

distortion products will be as strong as the original signal [16]. 

At this point, the amplifier is said to be in compression, and the 

distortion products can interfere with nearby signals, causing 

intermodulation interference. In practical terms, a higher IIP3 

indicates a more linear and distortion-free amplifier. In low 

noise amplifiers, a high IIP3 is desirable because it ensures that 

the amplifier can handle high input signal levels without 

introducing distortion or degrading the signal-to-noise ratio. To 

improve the IIP3 of an LNA, design techniques such as 

adjusting the bias current and impedance matching can be 

employed. However, it is important to note that increasing the 

IIP3 typically comes at the cost of increased power consumption 

and reduced gain, so a trade-off must be made between linearity 

and other performance metrics. To measure IIP3 in MOS 

amplifiers, a two-tone test is typically used. Two signals with 

frequencies 𝑓1 and 𝑓2 are applied to the amplifier and the third-

order distortion products at frequencies2𝑓1 − 𝑓2  and 2𝑓2 − 𝑓1 

are measured. The IIP3 result for the proposed mutually coupled 

LNA is given in the results and discussion section. 

 

 

3. Results and discussion 

3.1   S-parameters 

In LNA design, the S-parameters are used to optimize the 

performance of the amplifier, by adjusting the input and output 

matching networks, biasing conditions, and other design 

parameters. In this case, the S11 parameter has a bandwidth of 

10 GHz and is less than –10 dB throughout the band as shown 

in Fig. 4. Having an S11 less than –10 dB throughout the entire 

bandwidth means that the LNA has good input matching and 

low reflection losses, which are important factors for achieving 

high performance and low NF. 

 

 

 

Fig. 4. S-parameters for proposed mutually coupled LNA 

A well-matched LNA ensures that the maximum power is 

transferred from the input signal to the amplifier, resulting in 

optimal signal-to-noise ratio and minimal distortion. This makes 

the LNA suitable for use in a wide range of microwave 

applications where good matching and low noise are critical, 

such as in wireless communications, radar systems, and test and 

measurement equipment. S21 parameter has a bandwidth of 10 

GHz and the simulation result as shown in Fig. 4 indicate that 

the highest value of S21 throughout the band is 17.87 dB. A high 

value of S21 also indicates that the LNA has good performance 

in terms of linearity, stability, and NF. Overall, a simulation 

result showing an S21 is a positive indicator of the performance 

of the LNA. The transformer at the output provides the good 

output matching in term of S22. Simulation result for S22 is 

shown in Fig. 5. 

 

 

 

Fig. 5. S22 parameter for proposed mutually coupled LNA 

 

 

3.2   Noise figure 

The simulation result for the NF of the LNA depicts a 

minimum value of 5.45 dB as shown in Fig. 6. A NF of 5.45 dB 

means that the output noise power of the amplifier is only 1.43 

times higher than the input noise power. A low NF helps to 

improve the sensitivity and range of the system, allowing 

signals to be transmitted and received over longer distances with 

greater accuracy.  

 

 

Fig. 6. Noise figure for proposed mutually coupled LNA 
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3.3   Process corner simulation 

Process corner simulation is a type of simulation performed 

in the design and testing of integrated circuits (ICs) to ensure 

their functionality and reliability under different operating 

conditions. A process corner refers to a specific combination of 

process, voltage, and temperature (PVT) that can affect the 

performance of an IC. During the manufacturing process of an 

IC, there can be variations in the physical and electrical 

properties of the semiconductor material, as well as in the 

various processing steps involved. These variations can result in 

differences in the performance and behavior of the IC under 

different operating conditions. For example, variations in the 

supply voltage or temperature can affect the speed, power 

consumption, and reliability of the IC. The different types of 

process corners used in simulation can include typical, slow, 

fast, and worst-case scenarios, which represent different 

combinations of PVT parameters. For example, the slow corner 

represents the worst-case scenario for speed, with the lowest 

supply voltage and highest temperature, while the fast corner 

represents the best-case scenario for speed, with the highest 

supply voltage and lowest temperature. By performing process 

corner simulations, designers can identify any potential 

performance or reliability issues in the IC and make design 

modifications as needed to ensure that the IC meets its design 

specifications under a wide range of operating conditions. This 

helps to ensure that the IC will be able to function reliably and 

meet its intended performance goals in a variety of real-world 

applications. Fig. 7 shows the process corner simulation result 

for the proposed Mutually Coupled LNA. As depicted in Fig. 7, 

the maximum value of S21 achieved for FF corner is 10.04 dB 

while maximum value for SS corner is 17.87 dB. Similarly, S11 

simulation under the four-process corner shows good results.  

 

 

 
Fig. 7. Process corner for proposed mutually coupled LNA 

 

The overall evaluation of LNA is calculated using 𝐹𝑜𝑀 [8]. 

As given in equation (16), 𝐹𝑜𝑀 comprises the gain (max.), NF 

(min.), bandwidth (max.) and power dissipation. 

 

𝐹𝑜𝑀 =
𝑆21𝑎𝑣.[𝑙𝑖𝑛]×𝐵𝑊[𝐺𝐻𝑧]

𝑃𝑑𝑐[𝑚𝑊]×(𝐹𝑎𝑣.[𝑙𝑖𝑛]−1)
                        (16) 

The proposed LNA FoM is 17.34, indicating that it is optimal 

for the required band. Table 2 compares the proposed LNA's 

success to those of other papers. 

 

 

4. Conclusion  

A mutually coupled CG-CS stage LNA has been designed 

using 45 nm CMOS technology. The proposed LNA simulated 

for the 4 – 14 GHz bandwidth has a maximum gain of 17.87 dB 

while having the NF of 5.45 dB. The input reflection coefficient 

has a value less than –10 dB throughout the entire band. A 

mutually coupled inductor has been proposed which will reduce 

the circuit size. The proposed LNA has the FoM value of 17.34. 
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Table 2. Comparison of the Proposed Work with Other Papers 

References Process 
Freq 

 (GHz) 
B.W. Gain NF (dB) 

PDC 

(mW) 
FoM 

[9] 0.18 µm 24 24 10.76 4.18 1.09 6.42 

[10] 45 nm 24 – 28 4 12.8 1.4 7 16.4 

[11] 28 nm 33 33 18.6 4 9.7 2.55 

[12] 65 nm 
24.9 −

32.5
 7.6 18.3 3.25 20.5 2.76 

[15] 22 nm 20 − 44 24 23 3.1 20.5 14.5 

This work 45 nm 4 – 14 10 17.87 5.45 1.8 17.34 
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