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Abstract: A mixer is an essential part of a communication system. It is generally used in wireless receiver to perform the translation from 

Radio Frequency (RF) to the intermediate frequency (IF). A non-linear device like Metal Oxide Semiconductor Field Effect Transistor 

(MOSFET) can be suitably used for mixing operation. In these devices, power consumption is a matter of concern because devices are 

continuously being scaled, but the power supply is not scaled correspondingly. In portable devices, it is important to save battery lifetime. 

So, it is required that the performance of mixers should be enhanced while considering power concerns also. When MOSFETs are operated 

in subthreshold region, there is lower power dissipation, and it has also been observed that in this region, drain current is exponential of 

input voltage. This nonlinearity can be used for mixing. But, this non-linearity should not be so large so as to cause distortion at the output 

of mixer. The distortion behavior of mixer is a matter of concern. This paper describes the results of applying linearization techniques to 

double balanced mixer while operating it in subthreshold region. 0.5 µm NMOS devices have been used to design mixer. Mixer has been 

designed for Bluetooth specifications. 
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1. Introduction 

Mixer can be designed by using nonlinear devices like diodes, BJT 

and MOSFETs. Each one of them has certain merits and demerits. 

The choice of selection depends on application and performance 

specifications. The nonlinearity required for mixing operation 

should be small. Different communication standards have emerged 

and they occupy narrow frequency bands in a geographic region. 

So, the issue of linearity is stringent in RF systems [1]. Several RF 

circuit issues like harmonic generation, intermodulation distortion 

and desensitization can be minimized by a good linearity 

performance. The linearity of any typical transceiver is dominated 

by mixers. In receiver chain, mixers are placed after the low noise 

amplifier (LNA). This implies that mixers have to handle amplified 

outputs of LNA. So, the issue of linearity becomes significant in 

mixers [2]. However, a trade-off exists between linearity and 

power consumption [3]. Lower power consumption is important 

due to the growth of battery-operated portable communication 

devices [4]. One of the approach for low power design is to use the 

MOSFET in the subthreshold regime of operation. When gate to 

source voltage (VGS) is below threshold voltage (VTH), the region 

of operation is called subthreshold or weak inversion.  

  The work in this paper is motivated by the low power 

consumption of MOSFET in subthreshold region of operation. 

Transfer function of MOSFET in subthreshold operation is 

nonlinear in nature, and the advantage of that has been taken in the 

design of mixer, as mixing is also a nonlinear operation. But this 

nonlinearity should not be very large to cause degradation in 

performance parameters. Thus, it is necessary to linearize the 

mixer. In this work, different linearization techniques have been 

applied to a double balanced mixer topology operating in 

subthreshold region. 

Section II describes the necessity of linearity in systems. Linearity 

characterization is discussed in section III. Linearization 

techniques are presented in section IV. Simulation results are 

discussed in section V and concluded in section VI. 

2. Need of Linearization 

To understand the linearity requirement, consider the input-output 

relationship of a non-linear system, given typically as [5]: 

 

𝑦 =  𝐴1𝑥 + 𝐴2 𝑥
2 + 𝐴3𝑥3 +  …                     (1) 

 

Where 𝐴1 is the ideal gain,𝐴2, 𝐴3 … are the coefficients 

of nonlinearity, 𝑦 is output signal and 𝑥 is input signal 

Consider non-linearity up to 3rd order only. With a 

single tone input, say 𝑥 = 𝐴 cos 𝑤𝑡, output is given as: 

 

𝑦 =
𝐴2𝐴2

2
+ (𝐴1𝐴 +

3A3A3

4
) cos wt +

A2A2

2
cos 2wt

+
A3A3

4
cos 3wt                                       (2) 

Following effects occur due to non-linearity. 

2.1. Harmonic distortion 

It is the ratio of the amplitude of a harmonic to that of the 

fundamental. For example, the ratio of amplitude of the tone at 

3𝑤 to that of the fundamental tone at 𝑤 is called third-order 

harmonic distortion(𝐻𝐷3). Applying it to equation (2): 

𝐻𝐷3 =
𝐴3𝐴2

4𝐴1
while assuming 

3A3A3

4
≪ 𝐴1𝐴                                              (3) 

_______________________________________________________________________________________________________________________________________________________________ 

1 Electronic and Communication Engineering Department, National 

Institute of Technology Srinagar, J & K 190006 India 

* Corresponding Author: Email: najeeb@nitsri.net 

#Note: This paper has been presented at the International Conference on 

Advanced Technology&Sciences (ICAT'14) held in Antalya (Turkey), 

August 12-15, 2014. 

 

 



This journal is © Advanced Technology & Science IJAMEC, 2015, 3(2), 108–112|109 

2.2. Gain Compression 

Ideally, output power should increase with the increase in the input 

power. But at higher input levels, output power does not increase 

with input power as much as should ideally be. When the output 

does not increase in proportion to the input, we say gain 

compression is there. The concept of 1-dB compression point is 

used to analyze gain compression. In equation (2), there are two 

terms with frequency 𝑤 due to non-linear behaviour. Let us assume 

that the other terms in 𝑦 have frequencies outside the band of 

interest and hence are removed by the band pass filter used at the 

output of the system. Then 𝑦 becomes 

𝑦 = (𝐴1𝐴 +
3𝐴3𝐴3

4
) cos 𝑤𝑡

= (𝐴1

+
3𝐴3𝐴2

4
) 𝐴 cos 𝑤𝑡                          (4) 

When 𝐴3 is negative, then the second term decreases the 

gain. 

2.3. Blocking (Desensitization) 

Let a weak desired signal along with a strong interferer occur at 

the input as: 

𝑥 = 𝑎1 cos 𝑤1𝑡 + 𝑎2 cos 𝑤2𝑡                                                  (5) 

Where 𝑎1 is a strong interferer and 𝑎2is the desired signal 

Applying this to equation (1), the output terms of interest (at the 

fundamental frequency) are: 

𝑦 = (𝐴1𝑎2 +
3𝐴3𝑎2

3

4
+

3𝐴3𝑎2𝑎1
2

2
) cos 𝑤𝑡

+ ⋯                                                         (6) 

If the interferer strength is much greater than the desired 

signal strength (i.e. a1>>a2), we have: 

𝑦 = (𝐴1 +
3𝐴3𝑎1

2

2
) 𝑎2𝑐𝑜𝑠𝑤𝑡 + ⋯                                        (7) 

When 𝐴3 is negative, the small signal gain is attenuated by the 

interferer. If the attenuation becomes so large that the overall gain 

drops to zero, we say that the signal is blocked.  

2.4. Degradation of signal to noise ratio (SNR) 

  Due to gain compression and blocking, the desired signal 

amplitude is reduced which results in degradation of SNR. In other 

words, due to non-linearity, frequencies outside the desired 

frequency are obtained at output which interfere with the desired 

one, behaves like noise and SNR is degraded. 

3. Characterization of Linearity 

Third order nonlinearity components are very close to fundamental 

frequencies and typically have highest amplitude among inter-

modulation products. Therefore, it is a common practice to 

measure nonlinearity in transmitters and receivers only up to third 

order [6]. A typical method for characterizing linearity is third 

order intercept point (IIP3). It is measured by applying two closely 

spaced frequencies at the input, say f1 and f2. Due to third order 

nonlinearity, different frequencies are produced at the output. 

These are called third order inter-modulation products. But, the 

most common frequencies of interest are 2f1-f2 and 2f2-f1 because 

they fall in the desired band and interfere with the desired 

frequencies. IIP3 relates third order nonlinear products to the 

linearly amplified and mixed signal. It is a theoretical point at the 

intersection of fundamental and third order curves. 

4. Linearization Techniques 

Techniques for linearizing mixers have been developed and are 

described as follows: 

4.1. Source Degeneration 

Source degeneration can be achieved by resistance, inductance or 

MOSFET. To obtain linearity, a degeneration resistor𝑍𝑆is placed 

in series with the source terminal as shown in Fig 1. Resistive 

degeneration presents trade-offs between linearity, noise, power 

dissipation, and gain [7].The value of resistor is chosen to achieve 

trade-off between dynamic range & noise. In comparison to 

resistive degeneration, inductive degeneration is preferred due to 

its low noise. The Noise Figure (NF) generated in the circuit due 

to inductive degeneration is same as that would have been 

produced without degeneration i.e. noise figure is less [8]. 

Moreover, the circuit is more linear with inductive degeneration in 

comparison to resistive degeneration. The size of the circuit 

increases by inductive degeneration. 

 

Figure 1 Source Degeneration [9] 

For increasing linearity further, a capacitor can be added in parallel 

to gate to source capacitance.  

MOSFET can be used as a resistor when biased in deep triode 

region. In this region, MOST is more linear than in saturation 

region. So, instead of using a resistor for degeneration, MOSFET 

can be used. But, it is affected by process and temperature 

variations which may degrade linearity [10]. 

4.2. Third Order Transconductance Cancellation 

 For a common-source MOSFET, the drain current can be 

given by [2]: 

𝑖𝐷𝑆 = 𝐼𝐷𝐶 + 𝑔𝑚𝑣𝑔𝑠 + 𝑔𝑚2𝑣𝑔𝑠
2 + 𝑔𝑚3𝑣𝑔𝑠

3 + ⋯               (8) 

Where 𝑣𝑔𝑠 and 𝑔𝑚(𝑛) represents the gate to source voltage and nth 

- order transconductance respectively. The third order 

transconductance 𝑔𝑚3performs an important role in nonlinearity. 

The IIP3 can be increased by decreasing it. 

Third order transconductance cancellation technique is used in 

different circuits to increase linearity [11] [12]. In this technique, 

the cancellation of 𝑔𝑚3 is achieved by a negative peak 𝑔𝑚3 

transistor combined in parallel with a positive peak 𝑔𝑚3 transistor. 

The characteristics of 𝑔𝑚3 can be adjusted by adjusting the 

threshold voltage (VTH) of auxiliary transistor. This can be done by 

using body effect technique. Generally, a negative bulk to source 

voltage (VBS) is applied to auxiliary transistor and its VTH is 

increased. Size of the two transistors are chosen in such a way that 
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for the same input voltage to main and auxiliary transistor, 

auxiliary transistor operates in weak inversion region and main 

transistor in strong inversion region; and a flat 𝑔𝑚3 region is 

obtained by combining these two transistors in parallel. The 

compensation results are shown in Fig 2 for main transistor 

operating in weak inversion and auxiliary transistor operating in 

strong inversion region; with positive VBS. These results were 

obtained by simulations in device simulator. There is 

approximately 86% increase in linearity in the flat region.  

 

Figure 2:  Compensation results of two parallel MOS Transistors This 

increase is only at device level. At circuit level, there will be different 

performance improvement.   

This method does not require additional power consumption 

Because the total gate width of the paralleled pair can be kept equal 

to the actual device size of transconductance stage [2].  

5. Simulation Results and Discussions 

 

Figure 3: gm3 cancellation-Noise Figure (a) and IIP3 (b) 

For simulations, specifications of Bluetooth are used i.e. radio 

frequency [RF] and Local oscillator frequency [LO] are 2.50 GHz 

and 2.25 GHz respectively [13]. 0.5 µm NMOS device models 

were used in simulations. In all the results presented here, 

conventional mixer is the double balanced mixer operating in 

subthreshold region. Different linearization techniques were 

applied to this mixer. Simulations were carried in a circuit 

simulator. The results are presented as follows. 

5.1. Third order transconductance (𝒈𝒎𝟑) cancellation 

All the results are taken for mixer operating in weak inversion 

region; however, auxiliary transistors are biased in strong 

inversion region by applying positive bulk to source voltage. 

Simulations were carried to find optimum widths and VBS for 

maximum achievable IIP3 and without substantial degradation in 

gain. The NF obtained at 5 dBm LO power is more in this 

technique in comparison to the conventional one as shown in Fig 

3 (a). This is because more devices are added in this technique in 

comparison to the conventional mixer. Fig 3 (b) shows plot for 

finding IIP3. In the figure, PIF represents output power at one input 

frequency when two tones are fed at the input while PIMD 

represents third order inter-modulation tone due to these 

frequencies. IIP3 obtained in this technique is 6.138 dBm while 

that in conventional mixer is 2.352 dBm. This means linearity has 

increased by approximately 4 dB by using this technique. 

5.2. Degeneration 

It is important to get optimum values of resistance, inductance and 

width of transistor for resistive, inductive and MOS degeneration 

respectively. The NF for optimum values for the three different 

types of degenerations is shown in Fig 4. In all the graphical plots, 

NFs are more than in conventional mixer. Inductive degeneration 

has less NF in comparison to other types as discussed previously. 

The IIP3 plots for the degeneration technique are shown in Fig 5. 

The IIP3 values obtained for resistive, inductive and MOST 

degeneration are 5.028 dBm, 6.464 dBm and 6.627 dBm 

respectively. This implies that linearity has substantially increased. 

The IIP3 of mixer with inductive and MOST degeneration are 

comparable. 

5.3. Improved Inductive Degeneration 

In this technique, a capacitor is shunted across gate to source of 

inductively degenerated MOSFET in the mixer. It is necessary to 

select proper capacitor and inductor values, and was 0.5 pF and 3 

nH respectively. NF plot is shown in Fig 6 (a) where it is analysed 

that the NF is lesser in comparison to the conventional technique. 

It is also lesser than inductive degeneration NF. IIP3 plot is shown 

in Fig 6 (b). The value of IIP3 obtained in this technique is 7.117 

dBm, a considerable improvement. 

5.4. Combination of MOS Degeneration and gm3Cancellation 

In this technique, MOS degeneration and gm3 Cancellation are 

combined and effect on performance parameters is seen. 

Simulations are done to find optimum voltages at gates of RF stage 

and LO stage while keeping other conditions same as are in 

individual techniques. The NF plot is shown in Fig 7 (a). It can be 

observed that noise figure is degraded in this technique in 

comparison to the conventional one and individual techniques. 

IIP3 plot is shown in Fig 7 (b). The value of IIP3 is 5.447 dBm 

which implies that linearity is improved in comparison to 

conventional mixer. But it is degraded in comparison to individual 

techniques. 
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Figure 4: Resistive, Inductive and MOS Degeneration-Noise Figure 
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Figure 5: Resistive, Inductive and MOS Degeneration-IIP3 

Figure 6: Improved Inductive Degeneration-Noise Figure (a) and IIP3 (b) 

Figure7: Combination of MOS Degeneration and Cancellation-Noise Figure (a) and IIP3 (b) 

 

 

 

 

6. Conclusion 

In this paper, we have described linearization techniques for 
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for a mixer operating in subthreshold, as device consumes very low 

power. The results of linearization techniques applied to double 

balanced mixer are summarized in table 1.  Figure of merit (FOM) 

is very good for improved inductive degeneration. It is defined as: 

𝑭𝑶𝑴 =
𝑰𝑰𝑷𝟑

𝑵𝒐𝒊𝒔𝒆 𝑭𝒊𝒈𝒖𝒓𝒆
                                (𝟗) 

Therefore, improved inductive degeneration is optimum 

linearization technique. There is approximately 5 dB increase in 

IIP3 in this technique and value of the noise figure is also less in 

comparison to other techniques. Combined MOS Degeneration 

and gm3cancellation results are not encouraging in comparison to 

the individual techniques. 

 Table 1: Comparison of Linearization Techniques 

Linearization 

Technique 

Noise 

Figure (dB) 

IIP3 

(dBm) 
FOM 

gm3 Cancellation 10.618 6.138 0.578 

Resistive 
Degeneration 

9.499 5.028 0.529 

Inductive 

Degeneration 
8.051 6.464 0.802 

MOS Degeneration 8.785 6.627 0.754 

Improved Inductive 

Degeneration 
7.374 7.117 0.965 

Combined MOS 

Degeneration 

andgm3cancellation 

10.913 5.447 0.499 
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