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Abstract: The low-noise amplifier (LNA), as the first Component of wireless receiver after an antenna, plays a crucial role in 

deciding the receiver sensitivity, noise figure (NF), gain, linearity, and dynamic range. The evolution of sub-6 GHz wireless systems 

toward 5G New Radio (NR), Wi-Fi, SAW-less front ends, and IoT has imposed strict and often conflicting requirements for LNA 

design. This paper reviews major CMOS LNA architectures and their performance trade-offs, with highlighting on linearity 

enhancement techniques. Previously reported linearization methods were systematically classified into five major categories (a) 

feedback, (b) feedforward, (c) derivative superposition (DS) including CDS, (d) noise/distortion cancellation, and (e) post 

distortion. Their effectiveness in suppressing 2nd & 3rd order nonlinearities and improving linearity (IIP2/IIP3) is comparatively 

discussed. Attention is given to nonlinear transconductance () and output conductance ()  and deep-submicron CMOS limitations. 

Recent sub-6 GHz implementations are reviewed to evaluate trade-offs among gain, NF, linearity, bandwidth, power, and area. 

Finally, key research challenges and future directions toward highly linear, low-noise, wideband, and power-efficient CMOS LNAs 

are identified. 
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1. Introduction 

The RF front end (RFFE) must recover weak desired signals in the presence of thermal noise, adjacent-channel 

interference, strong blockers, and transmitter leakage. As the first active stage after the antenna, the low-noise 

amplifier (LNA) dominates the receiver's overall noise performance: for a cascaded chain, the total noise factor follows 

the Friis relation  

𝐹𝑡𝑜𝑡𝑎𝑙 = 𝐹1 +
𝐹2−1

𝐺1
+

𝐹3−1

𝐺1𝐺2
+ ⋯  (1) 

Where, F = Noise factor of respective stage, G = Power Gain of each respective stage. Eq. (1) explains why the 

first stage must combine low NF with sufficient gain, since a high-gain LNA suppresses the noise contribution of 

subsequent stages. Optimizing for minimum NF alone is nonetheless insufficient: strong interferers generate 2nd and 

3rd order intermodulation products, gain compression, and desensitization, effects that become more pronounced in 

short-channel CMOS [2]. 

Sub-6 GHz CMOS LNA design therefore involves the simultaneous optimization of several contradictory 

requirements low NF, adequate gain, high linearity, wide or reconfigurable bandwidth, low power, and compact area 

which grows more difficult in scaled nodes owing to reduced supply voltage, limited voltage headroom, device 
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parasitic, and PVT sensitivity [2], [3]. To ease these trade-offs, techniques such as broadband noise cancellation [4], 

[5], [6], 𝑔𝑚 boosting [6], current reuse [7], body-floating and self-biasing [8],and post-distortion [9] have emerged as 

important approaches. 

Linearity is particularly critical in recent wideband, multi-standard receivers[3], [10] , [11]. Although IIP3 is 

widely used to characterize nonlinearity, it does not fully describe receiver linearity: 2nd order distortion (IIP2) can 

become significant in direct-conversion and broadband architectures, the 1-dB compression point (P1dB) captures 

large signal handling, and in wideband systems linearity varies with both centre frequency (fC) & interferer tone 

spacing [4], [12]. A comprehensive comparison must therefore weigh IIP2, IIP3, NF, gain, bandwidth, and power 

together rather than treating any single metric as sufficient [1], [4], [5] 

Accordingly, this review adopts a technique-centric view of sub-6 GHz CMOS LNAs. Conventional topologies 

are first introduced to establish their operating principles and trade-offs, followed by noise-reduction, gain 

enhancement, extension of BW, and power-efficiency techniques, and then a systematic treatment of linearization – 

feedback [13], [14], feedforward [12], derivative superposition [15], noise/distortion cancellation [15],[16], and post 

distortion [9], with attention to the interaction between noise, gain, linearity, bandwidth, power, and technology 

scaling [10], [17]. Finally, these techniques are related to contemporary 5G/5G-NR and Wi-Fi requirements and to 

representative CMOS and SOI implementations [6], [9] [18], [19]. On this basis, key research gaps are identified 

chiefly the simultaneous achievement of low NF and high linearity under low-voltage, low-power constraints along 

with the need for consistent measurement and reporting practices when benchmarking published designs [3]. The 

review paper is organized as follows. Section 2 reviews the fundamentals and performance metrics of the LNA. 

Section 3 surveys CMOS LNA architecture, and Section 4 examines techniques to reduce noise, gain, and power. 

Section 5 analyzes linearity and distortion in CMOS LNAs and detailed review of linearity-improvement techniques. 

Section 6 discusses recent sub-6 GHz LNA developments. Section 7 identifies research gaps and future research 

directions, and Section 8 concludes the paper. 

2. Fundamentals and Performance Metrics 

The performance of a CMOS LNA is set by a few tightly coupled metrics  noise, gain, input matching, linearity, 

and power consumption [1] where improving one typically reprimands another. A meaningful assessment of a sub-6 

GHz CMOS LNA therefore depends on weighing these trade-offs jointly rather than on any single headline number 

[3], [10]. The following subsections review each fundamental parameter in this light. 

2.1 Noise Figure (NF): The noise factor is a fundamental parameter for evaluating the noise performance 

of an LNA and is defined [1] [3],  

𝐹 =
𝑆𝑁𝑅𝑖𝑛

𝑆𝑁𝑅𝑜𝑢𝑡
  (2) 

The noise figure (NF), expressed in decibels, is given by, 

𝑁𝐹 = 10𝑙𝑜𝑔10(𝐹)  (3) 

For a two-port, the noise behavior is fully described by four noise parameters through [5],  

𝐹 = 𝐹𝑚𝑖𝑛 +
𝑅𝑛

𝐺𝑆
∣ 𝑌𝑆 − 𝑌𝑜𝑝𝑡 ∣2  (4) 

where 𝐹𝑚𝑖𝑛 is the minimum noise factor, Rn the equivalent noise resistance, Yopt the optimum source 

admittance, and GS the real part of the source admittance YS. Since the noise optimum source impedance (∣ 𝑌𝑆 =

𝑌𝑜𝑝𝑡 ∣) generally differs from the impedance for maximum power transfer or best S₁₁, In narrowband common-source 

LNAs, inductive source degeneration is widely used because it synthesizes a real input term without adding noise, 

enabling a simultaneous noise and input match [1]. 
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2.2 CMOS Noise Sources: The overall noise performance is set by several device- and circuit-level 

mechanisms [1], [2],  

● Channel thermal noise: The drain-current thermal noise of a MOS transistor is commonly represented by 

[1],  

𝑖𝑑
2‾ = 4𝑘𝑇𝛾𝑔𝑑0𝛥𝑓,  (5) 

where 𝑘 =  Boltzmann's constant, 𝑇 = absolute temperature, 𝛾 = channel thermal noise coefficient, 𝑔𝑑0= zero 

bias drain conductance, and 𝛥𝑓 = noise bandwidth. 

● Induced gate noise: At RF frequencies, the time-varying channel charge produces induced gate noise. This 

noise is correlated with channel thermal noise and must therefore be considered in accurate RF noise 

modelling and optimization. [1], [2]. 

● Gate and interconnect resistance noise: The finite resistance of the gate, polysilicon structures, metal 

interconnects, and other lossy RF components introduces additional thermal-noise contributions. These 

effects can become increasingly important in high-frequency and compact CMOS implementations [1]. 

● Flicker noise: noise is particularly important in direct-conversion and low-IF receiver architectures because 

low-frequency noise components can be translated into or appear near the desired baseband signal. Its impact 

depends strongly on the transistor technology, bias conditions, device dimensions, and receiver architecture. 

[2]. 

2.3 Gain and Input Matching: Gain and input matching are two fundamental requirements of an RF LNA. 

For a CS amplifier, a first-order approximation of the voltage gain is [1]. 

𝐴𝑣 ≈ −𝑔𝑚𝑅𝐿  (6) 

where is the 𝑔𝑚 and 𝑅𝐿 represents the effective load resistance. In practical RF circuits, however, finite output 

resistance, resonant loading, and frequency-dependent losses further shape the gain. A CG stage presents a resistive 

input [20], 

𝑍𝑖𝑛 ≈
1

𝑔𝑚
  (7) 

Consequently, a 50-𝛺 input termination can be approached by selecting,  

𝑔𝑚 ≈
1

50
≈ 20 𝑚𝑆  (8) 

This direct 𝑔𝑚 and input impedance linkage makes CG topologies attractive for broadband receivers, though 

achieving low noise, adequate gain, and good linearity at the same time typically requires noise-cancellation, feedback, 

or complementary-device techniques [5], [16]. 

2.4 Linearity Metrics: CMOS transistors exhibit nonlinear current-voltage and transconductance 

characteristics, which become particularly significant when the LNA is exposed to strong interferers or large input 

signals. For a weakly nonlinear amplifier, the input-output relationship can be represented using a polynomial 

approximation [1], [16], [20],  

𝑦(𝑡) = 𝑎1𝑥(𝑡) + 𝑎2𝑥2(𝑡) + 𝑎3𝑥3(𝑡) + ⋯  (9) 

where 𝑎1 is the linear gain, the 2nd order coefficient 𝑎2 generates IM2 products, and the 3rd order coefficient 

𝑎3 produces the close in IM3 products that fall near the wanted band [10],  [20]. 
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Consequently IIP2, IIP3, and 𝑃1𝑑𝐵 provide complementary measures,  IIP2 characterizes 2nd order distortion, 

IIP3 extrapolates 3rd order linearity, and P₁ dB marks the onset of large-signal compression in wideband systems these 

vary with center frequency and tone spacing [12], [10]. 

2.5 Figure of Merit: To compare designs across frequency and power levels, this review adopts the 

normalized FoM [3], [6] 

𝐹𝑜𝑀 =
𝐺𝑙𝑖𝑛×𝐼𝐼𝑃3𝑚𝑊×𝑓𝑐(𝐺𝐻𝑧)

(𝐹−1)×𝑃𝐷𝐶(𝑚𝑊)
  (10) 

where 𝐺𝑙𝑖𝑛is the linear power gain, 𝐼𝐼𝑃3𝑚𝑊 is the 3rd order input intercept point expressed in milliwatts, 𝑓𝑐  is 

the centre frequency in GHz, 𝐹is the linear noise factor, and 𝑃𝐷𝐶is the DC power consumption in mw. 

FOM values are comparable only under consistent gain, IIP3, bandwidth, NF, and power conventions. Because 

measured silicon captures layout parasitic, passive quality factors, and packaging effects that schematic level 

simulation omits, this review weights experimentally validated results more heavily when assessing performance and 

technology trends [3], [6].  

3. CMOS LNA Architectures 

CMOS LNA architecture falls broadly into narrowband (NB) resonant topologies and wideband or 

reconfigurable topologies. NB designs exploit inductive resonance for high gain and less noise over a specific band, 

whereas wideband designs emphasize wide input matching, bandwidth extension, and robustness across multiple 

bands. Topology selection is therefore a fundamental design decision, since it directly sets the achievable NF, gain, 

linearity, bandwidth, power, voltage headroom, and silicon area. Table I summarizes the principal architectures and 

their typical strengths, limitations, and roles [3]. 

Table I : Comparison of Major CMOS LNA Architectures 

Architecture Primary benefit Main limitation Typical role 

Common source  High gain; simple Miller effect; bandwidth NB/MB 

Inductive-degenerated CS  Excellent noise/input 

matching 
Inductors; NB NB 

Cascode CS   High gain; isolation Voltage headroom NB/MB 

Common gate  Input 50-Ω match NF can be higher WB 

Resistive feedback  WB, robust matching Feedback noise, gain loss WB 

Noise-cancelling CG–CS  WB + low NF potential Path matching/complexity WB 

Current reuse  High gain per current Loading/headroom WB 

Complementary CMOS  Uses NMOS + PMOS gm Mismatch/parasitic WB 

Inductor-less   Very small area gain challenge WB 

*NB = Narrowband, WB = Wideband, MB = Medium band 

The CS stage remains among the most widely used topologies owing to its high transconductance efficiency 

and simple implementation, though its bandwidth is constrained by parasitic capacitance and the Miller effect. Source 

degeneration particularly inductive degeneration improves the input impedance and adds a degree of freedom for 

simultaneous noise and input matching, making the inductively degenerated CS especially attractive for narrowband 

use [1]. The cascode configuration further raises reverse isolation and suppresses the Miller effect, but the stacked 

devices demand extra voltage headroom that becomes problematic as supply voltages scale down, limiting its 

suitability for low voltage operation [21].  
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By contrast, the CG stage presents an inherently low input impedance, Zin ≈ 1/gₘ, 

enabling broadband 50-Ω matching and making CG topologies attractive for wideband 

and multiband receivers [5]. Conventional CG stages, however, exhibit a higher noise 

figure than optimized CS stages, motivating NC and complementary techniques [5], 

[21]. Resistive-feedback LNAs broaden bandwidth by reducing the frequency 

selectivity of resonant matching and improve tolerance to device and process 

variation, at the cost of added feedback noise and some gain reduction [14]. Noise-

cancelling architectures, typically based on complementary CG/CS signal paths, 

tackle the fundamental trade-off between broadband input matching and noise: by 

summing multiple paths with appropriate amplitude and phase, the input-device 

noise is partially cancelled while the signal adds constructively though accurate 

path matching and added complexity are required [5] [6] [17]  [22], Current-reuse 

techniques improve power efficiency by sharing bias current across stacked 

transconductance stages, giving high gain per unit current for low-power receivers, 

but they are limited by internal loading, reduced signal swing, and constrained 

headroom in deeply scaled CMOS [6]  [8].  

Finally, inductor less LNAs remove large on chip inductors to save area and enable highly integrated broadband 

front ends,  their main challenge is reproducing the noise, gain, selectivity, and linearity of inductive matching, which 

is why active feedback, noise cancellation, and gₘ enhancement are commonly added [17] , [22]. Overall, no single 

architecture simultaneously optimizes noise figure, gain, linearity, bandwidth, power, and area; topology choice must 

instead follow the target application. Narrowband cellular and WLAN receivers favour resonant and inductively 

degenerated designs, whereas broadband 5G, multiband, and highly integrated receivers increasingly Favor CG, 

resistive-feedback, NC, complementary, current-reuse, and inductor less configurations [17]. This architecture-level 

trade-off sets the stage for the noise-reduction and linearity enhancement techniques discussed next. 

3.1 Inductively Degenerated Common-Source LNA 

The inductively degenerated CS LNA shown in Fig. 1 is one of the most established narrowband CMOS 

receiver architectures. A simplified small signal representation of input impedance (𝑍𝑖𝑛) can be written,  

𝑍𝑖𝑛 ≈ 𝑠(𝐿𝑔 + 𝐿𝑠) +
1

𝑠𝐶𝑔𝑠
+

𝑔𝑚

𝐶𝑔𝑠
𝐿𝑠  (11) 

where 𝐿𝑔 = gate inductance, 𝐿𝑠 = source degeneration inductance, 𝐶𝑔𝑠= gate to source capacitance, At the 

operating frequency, where 𝐿𝑔 resonates with the effective input capacitance, while 𝐿𝑠 introduces a real term 

(𝜔𝑇 . 𝐿𝑠 )  that enables a 50-Ω match without adding thermal noise, allowing a simultaneous noise and power match 

[3]. The topology offers low NF, high gain, good input matching, and predictable narrowband behavior, at the cost of 

on-chip inductors, added passive area, limited fractional bandwidth, and sensitivity to inductor Q. It therefore remains 

well suited to frequency-specific cellular, WLAN, and other narrowband front ends [1][15].  
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Fig.1 Inductively Degenerated Common Source Amplifier 

3.2 Cascode LNA 

 

Fig.2 Cascode Amplifier 

A cascode LNA incorporates a CG above the CS input transistor shown in Fig. 2. The upper device isolates the 

input transistor from the output node, thereby reducing reverse coupling and suppressing the Miller effect. The cascode 

configuration also increases the effective output resistance, which can improve voltage gain and output isolation. [13], 

[10]. 

The distribution of voltage swing between the stacked devices can further improve high-frequency operation 

by reducing the voltage variation experienced by the input transistor. These properties make the cascode structure 

attractive for high-gain RF front ends. The principal limitation is voltage headroom. Since multiple transistors are 

stacked between the supply rails, sufficient voltage must be available to maintain the devices in their intended 

operating regions. This becomes increasingly restrictive as supply voltages decrease with CMOS scaling. Therefore, 

cascode LNAs require careful biasing and signal-swing management in low-voltage designs [13].  

3.3 Common-Gate LNA 
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Fig.3 Common-Gate Amplifier 

The CG topology show in Fig. 3 is particularly attractive for broadband operation because its input impedance 

(𝑍𝑖𝑛) can be written as,  

𝑍𝑖𝑛 ≈
1

𝑔𝑚
  (12) 

For a nominal 50-𝛺 source,  

𝑔𝑚 ≈
1

50
= 20 𝑚𝑠  (13) 

This removes the need for a highly selective resonant input-matching network and lets the CG stage cover a 

broad frequency range, making it widely investigated for broadband and multiband receivers [15][17]. The primary 

limitation is the trade-off among input matching, NF, gain, and power: increasing 𝑔𝑚 improves matching but requires 

additional bias current. Consequently, gₘ boosting, complementary device, current reuse, and NC techniques have 

been developed to improve the noise and power efficiency of CG-based LNAs [22]. 

3.4 Resistive-Feedback Amplifier 

In Fig. 4, the resistive feedback LNA employs negative feedback to simultaneously regulate the voltage gain 

and input impedance over a wide frequency range. The resulting closed-loop voltage gain can be expressed as,   

𝐴𝑓 =
𝐴

1 + 𝐴𝛽
    (14) 

where A = open loop gain and β = feedback factor, for sufficiently large loop gain, feedback reduces the 

sensitivity of the response to device and passive-component variation and can extend the usable bandwidth, and it can 

provide broadband input matching without relying on high-Q inductors. The compromises are a closed-loop gain 

lower than the open-loop gain, added noise from the feedback network, and stability that must be verified across the 

full operating band. Resistive-feedback LNAs are therefore most effective when the bandwidth and matching gains 

justify the associated gain, noise, and stability penalties [23].  
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Fig.4 Resistive-Feedback Amplifier 

4. Noise, Gain, Bandwidth, and Power-Reduction Techniques 

The simultaneous optimization of noise figure, gain, bandwidth, and power is a central challenge in CMOS 

LNA design. Improving one metric often penalizes another increasing transconductance improves matching and gain 

but requires more bias current, while aggressive bandwidth extension can raise noise and reduce gain. A variety of 

circuit-level techniques have therefore been developed to improve overall performance without relying solely on 

higher power consumption. The following subsections summarize the principal techniques identified in the reviewed 

literature [6], [8].  

4.1 𝑔𝑚 Boosting 

 

Fig. 5. gm-Boosting Technique [6] 

Transconductance enhancement, as illustrated in Fig. 5 and discussed in  [6], is widely employed to improve 

input matching and gain efficiency in CMOS LNAs, particularly in common-gate and low-voltage architectures. In a 

generic gm-boosted configuration, local feedback increases the effective transconductance, which can be 

approximately expressed as  [6],  

𝑔𝑚,𝑒𝑓𝑓 ≈ (1 + 𝐴)𝑔𝑚  (15) 

where 𝐴 = voltage gain of the auxiliary boosting path. The higher effective 𝑔𝑚 allows the required input 𝑔𝑚 

to be met with a smaller intrinsic transistor, potentially reducing the bias current for a given input impedance especially 

useful in broadband LNAs that need a low input impedance over a wide range. However, the auxiliary stage adds 

noise, parasitic capacitance, stability concerns, and potential linearity degradation, so boosting must be optimized at 

the complete-circuit level rather than from its small-signal gₘ enhancement alone [6], [22]. 
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4.2 Current Reuse 

 

Fig. 6. Current-Reuse Technique [22] 

Current-reuse techniques, as illustrated in Fig. 6 and discussed in [22], improve power efficiency by allowing 

multiple gain-producing devices or circuit stages to share a common bias current. Consequently, the required DC 

power consumption can be approximately expressed as [22],  

𝑃𝐷𝐶 = 𝑉𝐷𝐷𝐼𝑏𝑖𝑎𝑠  (16) 

sharing the bias current among several stages increases the achievable gain or signal-processing capability 

without a proportional rise in DC power [6]. This is particularly attractive for battery-powered, highly integrated 

receivers and can be combined with cascode, complementary, and noise-cancellation architectures to improve the 

gain-to-power ratio. The main limitation is the increased interaction among stacked or coupled devices: internal 

loading, reduced signal swing, limited headroom, and operating-region constraints grow more important as the supply 

drops, so current-reuse designs require careful biasing and large-signal analysis to ensure the efficiency gain does not 

degrade linearity or compression [22].  

4.3 Body-Bias Techniques 

 



 

10 

Fig. 7. Body - Biasing Technique [8] 

Body-biasing techniques, as illustrated in Fig. 7 and discussed in [8], provide an additional degree of freedom 

for low-voltage CMOS LNA design. In the reported 3–9 GHz implementation, a high-resistance body-to-drain 

connection establishes the required DC body bias while maintaining an effectively floating body at RF frequencies. 

This allows the body potential to contribute to both the biasing and RF operation without requiring a conventional 

fixed-body connection [8]. 

At a 1-V supply, the LNA achieves approximately 3.3 mW DC power consumption, 10.7 dB gain, and 2.89 dB 

NF over 3–9 GHz. When the supply voltage is reduced to 0.8 V, the power consumption decreases to approximately 

1.36 mW, while the NF increases to about 3.46 dB. These results demonstrate the potential of body-floating and self-

biasing techniques for reducing supply voltage and power consumption. However, their impact on linearity, body-

effect sensitivity, PVT variations, and bias stability must also be considered, since variations in body potential can 

alter the device operating point and nonlinear behaviour [8]. 

4.4 Low-Voltage 𝑔𝑚 Enhancement 

 

Fig. 8 Low-Voltage 𝑔𝑚 Enhancement [6] 

Low-voltage operation is increasingly important in scaled CMOS technologies; however, reducing the supply 

voltage directly limits the available voltage headroom and signal swing, resulting in a fundamental trade-off between 

low power consumption and large-signal linearity [6]. As illustrated in Fig. 8, the reported 0.5-V CMOS LNA employs 

active and passive 𝑔𝑚-enhancement techniques within an enhanced folded-cascode 

architecture to maintain adequate gain and bandwidth at an extremely low supply 

voltage. The design achieves approximately 14.5 dB gain, 3.2 dB NF, a 3-dB bandwidth 

of 5.3–6.4 GHz, and 0.88 mW DC power consumption, with an IIP3 of approximately −15.9 

dBm at 5.8 GHz [6]. These results highlight the inherent trade-offs associated with 

low-voltage LNA design. Although 𝑔𝑚-enhancement techniques can maintain useful gain and noise 

performance under reduced supply voltage, the limited voltage swing increases susceptibility to distortion and 

compression. The relatively low IIP3 further indicates that power and noise optimization at low supply voltages must 

be considered together with linearity and dynamic-range requirements [6] [8]. 

Overall, these techniques show that modern CMOS LNA optimization increasingly relies on co-design rather 

than single-parameter optimization. gₘ boosting, current reuse, complementary operation, body engineering, and low-
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voltage circuit techniques can each improve gain, noise, bandwidth, or power efficiency, but each adds circuit-level 

trade-offs  interactions that become critical when both low NF and high linearity are required over a wide band, 

motivating the treatment of nonlinear behavior and linearization in the following sections [6] [8] [22] [16] [17]. 

5. Linearity and Distortion in CMOS LNAs and Detailed Review of Linearity-Improvement Techniques 

Linearity is critical because the LNA must amplify weak signals while remaining linear against strong blockers, 

adjacent-channel interferers, and transmitter leakage; a linear LNA limits in-band and out-of-band intermodulation 

and preserves receiver dynamic range [2], [24]. Expanding the MOS drain current about its operating point gives,  

𝑖𝑑 ≈ 𝑔1𝑣𝑔𝑠 + 𝑔2𝑣𝑔𝑠
2 + 𝑔3𝑣𝑔𝑠

3 + ⋯  (17) 

where 𝑔1, 𝑔2, and 𝑔3 are the 1st, 2nd, and 3rd order nonlinear coefficients. Distortion arises mainly from 

nonlinear transconductance (𝑔𝑚) and output conductance (𝑔𝑑𝑠 ) the latter becoming significant when the drain–

source voltage swings widely under large signals[2], [24]. For a two-tone input, 

x(t) = A₁cos(ω₁t) + A₂cos(ω₂t) (18) 

the 2nd order term produces components at 2f₁, 2f₂, f₁+f₂, and |f₁−f₂|, while the 3rd order term yields 
the critical IM3 products 2f₁−f₂ and 2f₂−f₁. IM3 products are troublesome because they fall close to the 
wanted signal and cannot be filtered out. Second-order distortion is also not always independent: 
through feedback, device interaction, and frequency-dependent loading, IM2 components can fold into 
third-order distortion an important consideration for high-linearity design[4] [24]. 

5.1 IIP2, IIP3, and P₁dB 

LNA linearity has traditionally been captured by IIP3, since 3rd order products dominate close in 

intermodulation in narrowband receivers. In broadband/direct-conversion architectures, however, 2nd order products 

can land in-band or fold to low frequencies, making IIP2 equally important [25] [16]. The three metrics are 

complementary, IIP2 gauges 2nd order distortion, IIP3 extrapolates 3rd order performance, and P₁dB marks ~1 dB 

gain compression. Because a high IIP3 need not imply good compression, nor a high P₁dB low close-in IM3, all three 

should be weighed together with NF, gain, bandwidth, and power [1][24] [26]. 

5.2 Two-Tone Spacing and Frequency Dependence 

Reporting linearity at a single frequency and fixed tone spacing is often inadequate for broadband receivers, 

where the nonlinear response depends on both operating frequency and tone separation [2]. A more appropriate 

representation is 

𝐼𝐼𝑃3 = 𝐼𝐼𝑃3(𝛥𝑓),  𝐼𝐼𝑃2 = 𝐼𝐼𝑃2(𝛥𝑓)  (19) 

𝑃1𝑑𝐵 = 𝑃1𝑑𝐵(𝑓𝑐)  (20) 

where 𝑓𝑐is the center frequency and 𝛥𝑓is the two-tone spacing. Reactive matching, parasitics, feedback, and 

frequency dependent device parameters introduce memory effects and phase shifts, so upper and lower IM3 

amplitudes can differ and the optimum cancellation condition shifts with frequency and spacing, a technique tuned at 

one frequency may underperform elsewhere in the band [2].  

5.3 Classification of Linearization Techniques 

The reviewed literature can be organized into different categories (a)Feedback linearization (b)Feedforward 

linearization (c) Derivative superposition (DS) including modified and complementary DS (CDS) (d) Noise / 

distortion cancellation (e) post-distortion. These are not mutually exclusive, recent designs often combine two or more 

to address different distortion sources or offset the limits of a single method. The following subsections review each 
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by operating mechanism, achievable improvement, and associated noise, power, bandwidth, and implementation 

trade-offs. 

(a) Feedback Linearization: Negative feedback is one of the most fundamental approaches to improving 

amplifier linearity by reducing the closed loop sensitivity to nonlinear variations in the forward path, it 

suppresses the effective nonlinear gain shown in Fig. 9. Consider a weakly nonlinear amplifier with linear 

gain 𝑔1 and 2nd and 3rd order coefficients 𝑔2 and 𝑔3, placed in a loop with linear feedback factor β, and 

define the linear open-loop gain 𝑇0 =  𝑔1𝛽. 

 

Fig.9 Nonlinear amplifier with negative feedback 

The closed-loop response is then a third-order power series [1], [26] 

with closed-loop coefficients,  

𝑏1  =  
𝑔1

(1+𝑇₀)
 ,  𝑏2  =  

𝑔2

(1+𝑇₀)3 , 𝑏3  =  
1

(1+𝑇₀)4  [𝑔3  −  
2𝑔2

2

𝑔1

𝑇0

(1+𝑇₀)
] 

The resulting input intercept points of the closed-loop system are,  

Equation (22) shows that feedback improves IIP2 by a factor of (1+T₀), and (23) shows it improves IIP3 by 

(1+T₀)3/2 but only when 𝑔2 ≈ 0. When 𝑔2 ≠ 0 and 𝑔1 and𝑔3 have opposite signs, as they do for typical MOSFET 

bias, the bracketed denominator in eq. (23) shrinks and AIIP3,cl degrades. In this mechanism, called 2nd order 

interaction, the intrinsic 2nd order nonlinearity folds into 3rd order distortion through the loop, so whenever an 

amplifier is placed in feedback its IM3 arises from two sources: the intrinsic 3rd order term and the fed back 2nd order 

term [11]. Because the offending product is an odd-order term, it is not rejected by a differential topology; harmonic 

termination and IM2 injection can suppress it, but both are narrowband and therefore unsuitable for wideband 

linearization [4], [11]. In CMOS LNAs the practical improvement is thus doubly constrained: the loop gain T₀ needed 

to enhance IIP2 and IIP3 is bounded by the LNA’s gain, noise, and power budgets, and the residual second-order 

interaction limits the achievable IIP3 [1]. Feedback consequently provides useful broadband impedance control and 

modest linearization but is generally insufficient as a stand-alone means of simultaneously optimizing NF, gain, 

bandwidth, and linearity   which motivates the harmonic-termination and derivative-superposition techniques 

discussed next [12], [26] 

(b) Feedforward Linearization: The technique uses a main amplifier and an auxiliary amplifier to generate and 

cancel nonlinear distortion. As shown in Fig. 10, the input 𝑋is directly applied to the main amplifier, while 

a scaled version 𝑝𝑋is applied to the auxiliary amplifier. The auxiliary output is subsequently scaled by 𝑝𝑛and 

subtracted from the main-amplifier output. 
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Fig. 10: Basic Concept of Feedforward Linearization Technique 

Assuming both amplifiers exhibit the same weakly nonlinear characteristics, 

 𝑌𝑚𝑎𝑖𝑛 = 𝑔1𝑋 + 𝑔2𝑋2 + 𝑔3𝑋3  (24)  

and the auxiliary-path output is 

 𝑌𝑎𝑢𝑥 = 𝑝𝑛[𝑔1(𝑝𝑋) + 𝑔2(𝑝𝑋)2 + 𝑔3(𝑝𝑋)3]  (25)  

Thus, the overall output after subtraction is 

 𝑌 = 𝑔1(1 − 𝑝𝑛+1)𝑋 + 𝑔2(1 − 𝑝𝑛+2)𝑋2 +  +𝑔3(1 − 𝑝𝑛+3)𝑋3  (26)  

By appropriately selecting 𝑝 and 𝑛, the auxiliary path can be made to produce a distortion component with 

equal amplitude and opposite phase to that of the main path, thereby cancelling the targeted nonlinear term. A single 

auxiliary path can primarily suppress one dominant distortion order, whereas multiple auxiliary paths can be employed 

for simultaneous cancellation of IM2 and IM3[10]. The principal advantage of this approach is effective distortion 

cancellation without requiring high intrinsic linearity from the main amplifier. However, the technique requires 

additional power, area, and noise, and its performance is sensitive to amplitude and phase mismatch between the main 

and auxiliary paths. These limitations make feedforward linearization less attractive for compact, broadband CMOS 

LNAs and motivate lower-complexity techniques such as derivative superposition and IM2-injection linearization.[11] 

(c) Derivative Superposition: DS is a device level linearization technique that exploits the nonlinear 

characteristics of transistors biased in different operating regions. A main NMOS transistor 𝑀1, typically 

biased in strong inversion, is combined in parallel with an auxiliary NMOS transistor 𝑀2, biased in weak 

inversion as shown in figure. 11. Since their 3rd order transconductance coefficients can have opposite signs, 

the effective 3rd order coefficient is,  

 𝑔3,𝑡𝑜𝑡 = 𝑔3,𝑀1 + 𝑔3,𝑀2  (27)  

By appropriately selecting the device dimensions and bias conditions, 

 𝑔3,𝑀1 ≈ −𝑔3,𝑀2  (28)  

resulting in 

 𝑔3,𝑡𝑜𝑡 ≈ 0  (29)  

DS yields a significant IIP3 improvement without a large auxiliary path or major power penalty [15] [27]. 

However, since 𝑔2 is positive for transistors in moderate or strong inversion, DS improves IIP3 while worsening IIP2; 

it does not improve P₁dB, and the range of zero 𝑔3,𝑡𝑜𝑡 is narrow. Cancellation also holds only over a finite range, 

since mismatch, PVT variation, parasitics, and operating region changes shift the cancellation point; at RF, 2nd order 

interaction through the degeneration inductance further limits the achievable IIP3, which the modified-DS method 

addresses by tuning two series source-degeneration inductors so the composite third-order contribution opposes the 

2nd order term [27].  
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       Fig. 11 DS configuration [10]                                                 Fig. 12 CDS configuration[10] 

Complementary derivative superposition (CDS) extends DS by combining NMOS and PMOS devices in a 

complementary push-pull configuration as shown in figure 12. This arrangement can provide both even and odd 

distortion cancellation while avoiding the need for an external balun. For complementary devices subjected to 

opposite-phase signals, the drain currents can be expressed as 

 𝑖𝑑𝑠𝑛 = 𝑔1𝑛𝑉𝑔𝑠 + 𝑔2𝑛𝑉𝑔𝑠
2 + 𝑔3𝑛𝑉𝑔𝑠

3 ,         (30)  𝑖𝑑𝑠𝑝 = −𝑔1𝑝𝑉𝑔𝑠 + 𝑔2𝑝𝑉𝑔𝑠
2 − 𝑔3𝑝𝑉𝑔𝑠

3 .  (31)  

Their differential combination produces 

 𝑖𝑜𝑢𝑡 = (𝑔1𝑛 + 𝑔1𝑝)𝑉𝑔𝑠 + (𝑔2𝑛 − 𝑔2𝑝)𝑉𝑔𝑠
2 + (𝑔3𝑛 + 𝑔3𝑝)𝑉𝑔𝑠

3 .  (32)  

The complementary arrangement raises the total transconductance, reduces the IM2 term (because 𝑔2𝑛 and 

𝑔2𝑝 subtract), and reduces the IM3 term, so CDS improves IIP3 without degrading IIP2 unlike conventional DS  [16]. 

Because IIP2 and IIP3 do not share the same optimum bias, (32) allows either optimum IIP3 or optimum IIP2, but not 

both. Practical variants use separate NMOS/PMOS body bias to shift the 𝑔3 profiles for optimum cancellation, 

auxiliary NMOS/PMOS pairs biased across saturation and triode for large-signal (P₁dB) linearization, and current-

based or source-degenerated biasing with a series battery to relax the strong PVT sensitivity of the cancellation[16].  

(d) Noise / Distortion cancellation: NC Method reduces the conventional trade-off between NF and source-

impedance matching, enabling a low-NF and well-matched LNA [5], [10], [11], [17][10], [11], [17]. As 

shown in Fig. 13, the generalized NC architecture consists of three stages: input matching, noise/distortion 

cancellation, and output combining. The main path generally employs a CS stage with resistive feedback or 

a parallel CG–CS topology, while an auxiliary path senses the signal and noise associated with the matching 

transistor. The two paths are combined such that the noise and distortion components cancel, while the 

desired signal adds constructively [10], [11], [15], [17]. 
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(a)                                                                               (b) 

Fig. 13  NC implementations based on  (a) CS with resistive feedback,        (b) CG with differential output [10] 

The CS resistive-feedback implementation shown in Fig. 13(a), 𝑀1provides input matching through 𝑅𝑓, while 

𝑀2and 𝑀2𝑎form the auxiliary cancellation path. The cancellation condition is obtained by making the sensing node 

voltages approximately equal,  

 𝑉𝑥 = 𝑉𝑦  (33)  

with the corresponding design relationships given by, 

 𝑔1,𝑀1𝑅𝑆 = 𝑔1,𝑀2(𝑅𝐹 + 𝑅𝑆)  (34)  𝑔1,𝑀1𝑅1 = 𝑔1,𝑀2𝑅2                    (35)  𝑔1,𝑀2𝑅𝑆

= 𝑔1,𝑀2𝑎𝑅1                  (36)  

These conditions ensure that the noise and nonlinear components generated by the matching transistor reach 

the output through the two paths with appropriate amplitude and phase for cancellation, while the desired signal 

components add constructively [10], The CG implementation shown in Fig. 13(b) provides broadband input matching. 

Since the noise and nonlinear current of the matching transistor depend on both 𝑉𝐺𝑆and 𝑉𝐷𝑆, NC can suppress both 

𝑔𝑚 and 𝑔𝑑𝑠 related nonlinearities, unlike techniques that primarily address 𝑔𝑚nonlinearity [5], [10], [11], [15], [17]. 

The residual distortion is mainly determined by the auxiliary path, including its intrinsic third-order distortion and the 

second-order interaction associated with the CG–CS cascade [5]. Several approaches have been reported to improve 

NC linearity, including optimum biasing, CDS and multi-path cancellation [4], [5], [10], [11], [16], [17], [24], [25]. 

Earlier techniques generally focused on improving either IIP2 or IIP3, whereas combined approaches enable 

simultaneous suppression of even and odd order distortion [24], [25]. The three-path NC architecture in [4], [5], [10], 

[11], [16], [17], [24], [25]. extends the bandwidth to 1–20 GHz and provides additional IIP3 enhancement, although 

simultaneous broadband IIP2 improvement remains challenging. Therefore, combining NC with CDS/DS, 

complementary devices, feedback, and additional cancellation paths remains a promising approach for achieving 

simultaneous improvement in NF, bandwidth, and linearity. 

(e) Post-Distortion: Post-distortion introduces a nonlinear auxiliary circuit after the principal gain stage shown 

in Fig. 14. The auxiliary device senses the amplified signal and generates a nonlinear current or voltage 

designed to compensate for the distortion produced by the main amplifier. In contrast to input side 

linearization, post-distortion reduces the direct loading of the input matching network and can therefore 

provide greater flexibility in preserving the LNA's input noise and matching characteristics. Appropriate 

biasing of the auxiliary nonlinear device can produce a compensating third-order component without 

significantly disturbing the small-signal gain path[28]. 
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Fig. 14 Conceptual post-distortion implementation [10].  

Post-distortion (PD) adds an auxiliary transistor at the output of the main device that replicates and cancels its 

nonlinear drain current, with minimal impact on input matching and all devices in saturation for robust cancellation 

[9], [28]. The nonlinear currents are 

𝑖1  =  𝑔1,𝑀1𝑣1  +  𝑔2,𝑀1𝑣1
2  + 𝑔3,𝑀1𝑣1

3   (37) 

𝑖2  =  𝑔1,𝑀2𝑣2  +  𝑔2,𝑀2𝑣2
2  + 𝑔3,𝑀2𝑣2

3      (38) 

with 𝑣2 related to 𝑣1 by 𝑣2 =  𝑏1𝑣1 − 𝑏2𝑣1
2 − 𝑏3𝑣1

3, so the combined output current is 

𝑖𝑜𝑢𝑡  =  (𝑔1,𝑀1 − 𝑏1𝑔1,𝑀2)𝑣1  + (𝑔2,𝑀1 − 𝑏1
2𝑔2,𝑀2 − 𝑏2𝑔1,𝑀2)𝑣1

2  

+  (𝑔3,𝑀1 − 𝑏1
3𝑔3,𝑀2 − 𝑔1,𝑀2𝑏3 −  2𝑔2,𝑀2𝑏1𝑏2)𝑣1

3            (39)  

PD partially cancels both 2nd and 3rd order terms and, unlike DS, improves both IIP2 and IIP3, at a modest 

gain/NF/power penalty since M₂ is designed more nonlinear than M₁ [9]. Its limitations are the direct dependence of 

the auxiliary transistor on the main-transistor current and the difficulty of matching NMOS/PMOS pairs across PVT; 

post-distortion star feedback variants relax this by driving the auxiliary input from different circuit nodes [9], [28]. 

5. Recent Sub-6 GHz LNA Developments 

Recent sub-6 GHz CMOS LNA implementations reveal several recurring design directions aimed at meeting 

the simultaneous demands of low noise, high gain, broadband operation, low power, and improved linearity gₘ 

enhancement, NC, DS, CDS, inductor less implementation and post distortion. Rather than improving one parameter 

in isolation, recent designs increasingly combine several techniques for a more balanced result  [6],[9],[15], 

[16],[17],[21], [22],[23], [28] , [29]. 

A broadband linearity cannot be captured by a single IIP3 figure. A broadband receiver simultaneously handles 

multiple channels, adjacent-channel interferers, out-of-band blockers, and transmitter leakage, so linearity is more 

faithfully expressed as a frequency and spacing dependent quantity, IIP3(fc, Δf), IIP2(fc, Δf), and P₁dB(fc), where fc 

is the centre frequency and Δf the two-tone spacing [10]. Reactive matching, parasitic, feedback, and frequency 

dependent loading introduce memory effects that make the upper and lower side IM3 components unequal and shift 

the optimum cancellation condition with frequency and spacing, a technique that improves IIP3 strongly at one setting 

may help far less elsewhere in the band. Broadband linearization must therefore be treated as a frequency dependent 

problem rather than a single point optimization. 
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Table II. Representative Recent Sub-6 GHz CMOS LNA Implementations 

Ref.. Tech 

(nm) 

Technique Freq. 

(GHz) 
Gain 

(dB) 
NF (dB) IIP3 

(dBm) 
Power 

(mW) 
Area 

(mm2)  

[6], 2023 180 Enhanced 

folded 

cascode, 

active/passive 

gₘ improve 

5.3–6.4 14.5 3.2 −15.9 0.88 0.42  

[8], 2021 180 Body-floating 

and self-bias  
3–9 9.4 3.46 NR 1.36 NR 

[9], 2013 180 Post distortion 

technique 
1.6-9.7 9.6-12.6 3.9-5.8  9 10.6 NR  

[16], 

2017 
180 NC mechanism 

+ Multiple 

complementar

y NMOS 

&PMOS 

configurations  

0.1- 2 17.5  2.9-3.5  10.6-

14.3  
21.34 NR 

[17], 

2020 
65 Triple-path 

noise-

cancellation  

1-20 12.8   3.3-5.3  2.2-6.8 20.3 0.096 

[21], 

2008 
350 Capacitive 

cross-coupling  
2.2 8.4 1.92 -2.55 16.2 NR 

[22],2018 180 Current reuse 

feed-forward 

noise 

cancelation 

2-5 13 6 NR 10.8 NR 

[23],2019 65 Resistor 

feedback and 

source 

follower 

feedback  

0.5-7 16.8 3.3 ± 

0.45  
NR 13.56 0.044 

[28],2021 65 Post distortion 

star feedback 
3-10.6 11.2 3.2 24 15  0.874  

*NR denotes a value not reported. 

Table II highlights clear trade-offs among bandwidth, gain, NF, IIP3, power, and area across recent 
sub-6 GHz CMOS LNAs. The gₘ-enhanced design in [6] achieves the lowest reported power (0.88 mW) with 

14.5-dB gain and 3.2-dB NF over 5.3–6.4 GHz, but its IIP3 of −15.9 dBm reflects limited linearity. By 
contrast, the post-distortion design in [9] provides a much wider 1.6–9.7-GHz bandwidth and 9 dBm IIP3, 
at the expense of higher NF (3.9–5.8 dB) and lower gain. Noise-cancellation approaches show strong 
broadband capability: [17] spans 1–20 GHz with 12.8-dB gain and 3.3–5.3-dB NF in only 0.096 mm², 
though its IIP3 of 2.2–6.8 dBm and 20.3-mW power reveal a bandwidth, linearity & power trade-off, while 
the complementary noise-cancellation design in [16] reaches higher gain (17.5 dB), lower NF (2.9–3.5 dB), 
and 10.6–14.3-dBm IIP3 at the cost of 21.34 mW. The feedback-based design in [22] combines a 0.5–7-
GHz bandwidth, 16.8-dB gain, 3.3 ± 0.45-dB NF, and a very small 0.044-mm² area, though its IIP3 is not 
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reported. The strongest reported linearity comes from the post-distortion star-feedback architecture in 
[28], with 24-dBm IIP3 over 3–10.6 GHz at 11.2-dB gain, 3.2-dB NF, and 15 mW, albeit in a comparatively 
large 0.874 mm². Overall, low-power techniques favour power efficiency, noise-cancellation techniques 
favour NF and bandwidth, feedback techniques favour compact broadband implementation, and post-
distortion techniques deliver the strongest linearity; no single architecture is best in every metric, which 
motivates hybrid approaches that combine noise cancellation, gₘ enhancement, feedback, and distortion 

linearization to obtain a balanced broadband LNA [1]. 

6. Research Gaps and Future Research Directions 

Despite clear progress in noise, bandwidth, power efficiency, and linearity, no design yet achieves low NF, high 

linearity, wide bandwidth, low power, small area, and PVT robustness at once. The principal gaps follow. 

● Joint NF - linearity optimization: low NF and high IIP3 remain hard to obtain together, motivating co-

optimization at the transistor, circuit, and receiver levels [6], [8]. 

● Broadband IIP2/IIP3 characterization: IIP2 is under-reported; reporting IIP2 and IIP3 over multiple 

frequencies and tone spacings would better represent robustness [1], [24]. 

● Robust and adaptive linearization: most techniques cancel best only at a specific 

bias/frequency/power/spacing, motivating adaptive, digitally assisted linearization with PVT-aware 

calibration  [15]  [23]. 

● Low-overhead broadband post-distortion: co-optimized for gain, phase, bandwidth, and power, combined 

with complementary or noise-cancelling structures [9], [28]. 

● Beyond gₘ: gds and cross-term effects, requiring multidimensional device models rather than a one-

dimensional id(vgs) element, especially at low supply [2]. 

● Low-voltage operation and dynamic range: architectures that distribute voltage swing and sustain P₁dB and 

IIP3 without raising VDD [6], [8].  

● Inductorless broadband performance: reproducing inductive matching actively without excessive noise, 

power, or stability penalties [16], [24]. 

● Advanced CMOS and FD-SOI: integrating body-bias control with circuit-level linearization and noise 

cancellation [8]. [17]. 

● Phase-aligned broadband cancellation: co-designing matching, signal paths, auxiliary distortion generators, 

and loading to hold the vector relationship across the band [14], [16], [18], 

● AI-assisted design: machine-learning-assisted optimization and surrogate modelling over the coupled design 

space, validated in silicon. 

● Reconfigurable 5G/Wi-Fi front ends: gain bypass, multiband matching, bandwidth control, and adaptive 

linearization without excessive parasitic or area [12]. 

● Joint LNA–mixer and receiver-level optimization, so an individual metric is not over-optimized for little 

receiver-level benefit [8] [28]. 

● Reporting and reproducibility: consistent, complete reporting of technology, power, bandwidth definition, S-

parameters, NF vs. frequency, IIP2/IIP3/P₁ dB with tone conditions, measured/simulated status, area, FoM 

definition, and robustness [1], [7]. 

The overarching challenge is not maximizing IIP3 or minimizing NF alone, but maintaining a balanced set,  

{𝑁𝐹, 𝐺, 𝐼𝐼𝑃2, 𝐼𝐼𝑃3, 𝑃1𝑑𝐵, 𝐵𝑊, 𝑃𝐷𝐶 , 𝐴𝑐𝑜𝑟𝑒}               (31) 

under realistic PVT, mismatch, parasitic, and blocker conditions which with consistent measurement practice, 

matters more than any single figure of merit [27] [31].  

7. Conclusion 
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This article has reviewed sub-6 GHz CMOS LNA design, extending both architectures and linearization 

techniques. Inductively degenerated CS and cascode topologies remain attractive for narrowband use, while common-

gate, resistive-feedback, noise-cancelling, complementary, current-reuse, and inductor less architectures suit 

broadband and multiband operation. The reviewed linearization methods feedback, feedforward, DS/CDS, 

noise/distortion cancellation, and post-distortion. Each tackle device nonlinearity differently but trade off against 

noise, power, bandwidth, headroom, parasitic, and PVT sensitivity. For broadband LNAs, IIP3 alone is insufficient: 

IIP2, IIP3, and P₁dB should be assessed across frequency and tone spacing, together with 𝑔𝑑𝑠 effects, 𝑔𝑚& 𝑔𝑑𝑠 cross 

terms, parasitic coupling, and memory effects. The next generation will need low voltage, low power, broadband, PVT 

robust designs that hold low NF and high linearity together through hybrid NC, phase aligned linearization, adaptive 

and body bias techniques, AI assisted optimization, and LNA+ Mixer design, evaluated by a balanced set of 

experimentally validated metrics rather than a single FoM. 
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