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Abstract A low-voltage and low-power common gate Gilbert cell down-conversion mixer with high linearity design
developed using TSMC 0.18-pum technology is presented in this paper. The mixer is designed to operate at 2.4 GHz with the
local oscillator frequency 2.1 GHz and the intermediate frequency 300 MHz. Multiple-gated transistors (MGTR) method was
employed to improve linearity in proposed common gate Gilbert cell-based mixer. Simulation results on HSPICE indicate
that over 16dBm increase in IIP3 (third-order intermodulation intercept point) after optimization of the mixer. The proposed
mixer operates using a supply voltage of 1.8 V, with a power consumption of about 4.32 mW. The noise figure and

conversion gain of the mixer are 12.87 dB and 2 dB, respectively.
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1. Introduction

Advancements in electronics have led into increasing
dependence on the science even in daily life where it is hard
to find a single day which does not involve at least one
instance of using communication and electronic devices.
The industrial, scientific, and medical (ISM) band is a
suitable one for IC manufacturers as it is free and does not
require obtaining permissions.

An essential part of any communication device is its
transmitter and receiver circuits which contain different
blocks, including mixers as extremely important
components.

Linearity is an important parameter in designing mixers
since linearity of the mixer significantly affects linearity in
the whole transmitter/receiver system [1-3]. Nonlinearity
results in numerous problems including harmonic
generation, gain compression, and even order distortions [4,
5]. Different methods have been proposed for improving
linearity; however, many of them require complex circuits
or consume large amounts of power [5-8]. One technique
for improving linearity, which will be described in the
present paper, is multiple gated transistors method.
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2. Theory Section

In this section, mixer design theory is expressed. The
mixer structure is explained in first subsection. Subsection 2
is introduced intermodulation distortion. Finally, common
gate double balanced mixer is explained in third subsection.

2.1. Mixer

Band-pass filters of transmitters are often designed at low
frequencies due to limitations on quality factor of elements,
such as inductors [1].

In addition, information-bearing signals received of
communication receivers are often detected at low
frequencies such as intermediate frequency (IF). Therefore,
mixers in receivers shift modulated signals into higher
frequencies while high-frequency signals received of
receivers are shifted toward IF prior to signal detection.
Mixers are classified into two broad categories:
down-conversion mixers and up-conversion mixers. The
mechanisms involved in frequency shifting function are
essentially the same for both up and down conversion mixers.
The frequencies are shifted in mixers by multiplying two
signals and their harmonic components. Down-conversion
mixers have two separate inputs: radio frequency (RF) input
and local oscillator (LO) input. The RF input takes the signal
which should be shifted to lower frequencies while the LO
input receives a properly shaped waveform generated by the
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oscillator. The IF signal at the output is the result of
multiplication of the two signals and their harmonic
components [1].

2.2. Intermodulation Distortion

When two signals that have different frequencies are
applied in a nonlinear system, the output will contain
components which have not input harmonic frequencies.
This phenomenon, usually referred to as intermodulation, is
the result of mixing or multiplication of the two signals when
their sum is raised to a power larger than one.

Intermodulation is a problematic effect in RF systems.
When a weak signal mixed with two high powered
interfering signals face third order nonlinearity, one
intermodulation component falls onto the frequency band in
use and this will distort the fundamental components.
Although this only impacts the amplitude of the signal,
however even information contained in the signal phase may
be lost since zero crossings are affected as well. The effect
cannot be directly calculated using harmonic distortion.

Distortion as a result of third order intermodulation
between two close interfering signals is of such a great
importance that a new parameter has been defined to
examine this incident. This parameter, known as third-order
intercept point (IP3), is measured using two-tone test.
Third-order intercept point (IP3) that is the important
performance measure in mixer linearity, is desired to be
increase in mixer design [1, 2].

2.3. Common Gate Double Balanced Mixer
VDD
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Figure 1. Gilbert cell-based mixer, conventional common gate
arrangement [5]

A mixer that accommodates a differential LO signal but a
single-ended RF signal is called a single balanced mixer. A
double balanced mixer operates with both differential LO
and RF signals and its active form is similar to Gilbert cell.
Double balanced mixers produce less odd order distortion. A

typical mixer is composed of three stages: transconductance
stage, switching stage, and load stage. In the common gate
double balanced mixer shown in Figure 1, the transistors M1,
M2, M3 and M4 construct the transconductance stage. Here,
M1 and M3 act as current sources. M2 and M4 convert RF
voltage to RF current. The capacitors (CB) are used to block
DC voltage. The differential pairs M7-M8 and M5-M6 form
the switching stage, add the amplified LO signal with
different phases, and perform first order cancellation. R1 and
R2 are used as resistive loads in the load stage of the mixer.
They also convert IF current to IF voltage. The output can be
used in single-ended or differential architecture. Differential
output not only has a high conversion gain but also provides
greater protection against RF signal penetration compared to
IF output. Despite these advantages, many mixers require
single-ended output since IF SAW (Surface Acoustic Wave)
filters, which are usually placed next to mixers often, usually
have a single-ended structure [1-3].

3. Improved Linearity Using MGTR

As noted earlier, linearity plays a significant role in RF
systems and numerous methods have been proposed to
improve linearity.

One approach to improve linearity involves application of
multiple gated transistors. In this topology, a number of
auxiliary transistors are biased at a voltage below threshold
level (cut-off) to create linear conditions. Recently, this
technique has been employed to improve linearity in
low-noise and low-power amplifiers [9-11].

Neglecting the nonlinearity caused by switching transistor,
the most important factor contributing to nonlinearity in
mixers is the transconductance stage where RF voltage is
converted into RF current. In the present paper, MGTR is
employed to improve linearity at the transconductance stage
of a common gate mixer.

Equation (1) expresses input-output relation of nonlinear
system that V,, and Ip are input and output of nonlinear
system (Transistor of transconductance stage), also g is
transconductance of Transistors in transconductance stage.
Relations show that g, (Second derivative of
transconductance) has important role in system non-linearity
because it can make non-desired harmonic. The g, should
be decreased to achieve desired linearity. The o, and o; are
Taylor series coefficients [11, 12].
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As seen in (2), to achieve maximum linearity, one needs to
bring o5 as close as possible to zero while maximizing o,;.
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Where 5 is the current from the auxiliary transistor
when biased below the threshold (cutoff) voltage. The
transistors at the transconductance stage are in the saturation
mode of operation with negative g,,” while the transistors in
the cutoff region have positive g, .

As suggested by (8), the principle idea behind this
technique is to add up the derivatives and to cancel the
negative g, of the transconductance transistors using
auxiliary transistors biased below the conduction threshold.
In fact, as shown in Figure 2, the auxiliary transistor is placed
in parallel to the transconductance transistor to cancel g
and improve linearity [13, 14].
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Figure 2. Auxiliary transistor and transconductance transistor in parallel
combination [9-11]

Depending on the technology used for this purpose, the
width of the auxiliary transistor must be larger than that of
the main transistor.
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Figure 3. g, and g, versus Ves
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Figure 4. Canceling g, using MGTR

The g, derivative and g, second derivative of improved
common gate mixer in transconductance stage are shown in
Figure 3. The g, second derivative of improved common
gate mixer in transconductance stage and auxiliary
transistors, also sum of them are shown in figure 4.

This technique does not require additional power since the
auxiliary transistor is operating in the cut-off mode. Several
transistors may be used to improve linearity. However,
studies have indicated that using more than two auxiliary
transistors results in reduced gain and increased number of
bias voltages for auxiliary transistor, which in turn add to
complexity of the biasing circuit [9, 10].

In order to compensate for the capacitor resulting from the
increased width of the transistors, an inductor must be added
at the sources of the transistors to prevent gain drop and
match impedances [6, 8].

Thus, in multiple gate arrangement, the negative peak
value of g,, in the main transistor is cancelled by the positive
value of g, in the auxiliary transistor. Transfer
characteristics may vary with changes in threshold voltage or
gate bias.

4. Modified Common Gate Mixer

In the modified version of common gate Gilbert cell-based
mixer, an inductor (LD) is added to compensate for the
parasitic capacitance formed by Ms, Mg, M;, and Mg. This
inductor plays a significant role in enhancing linearity [13,
14].

M, and M,, are auxiliary transistors which are parallel to
the transconductance transistor and biased below the
threshold level for conduction.

When My, and My, are added to the circuit, the common
gate mixer requires impedance matching and hence, the
inductors L,; and L, are used for this purpose.

As seen in Figure 5, adding these three inductors and two
transistors considerably improves linearity and enhances
mixer performance without chaining transistor size and the
bias voltage for the conventional common gate architecture.
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The inductor sizes are selected in such a way that makes it
possible to implement the circuit on a completely integrated
architecture.
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Equations (9), (10), and (11) show that at a constant
current flowing through the load, an increase in Vg
(reduction in the size of input transistors) leads to larger 11P3
while reduction in g, results in smaller IIP3.
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Figure 5. Gilbert cell-based mixer, modified common gate architecture

5. Simulation Results

Simulations were carried out in HSPICE RF using RF
CMOS 0.18-pum technology. Figure 6 depicts return losses
for a conventional common gate mixer. As mentioned earlier,
inductors and capacitors are not used for impedance
matching in conventional common gate structure.

Figure 7 illustrates return losses for modified common
gate mixer. Figures 8 and 9 examine linearity in conventional
and modified common gate mixers at 27 °C, respectively.

These results were obtained through harmonic balance

analysis in a two-tone approach with the two main
frequencies spaced at 10 MHz from each other. These
findings indicate that linearity of the proposed common gate
mixer is considerably higher compared to the conventional
common gate mixers.

Table 1 compares characteristics of the proposed mixer
with other architectures while Tables 2 and 3 show variations
in linearity of conventional and modified mixers against
temperature. As seen in the tables, although linearity of the
proposed mixer varies with temperature, it is still higher than
linearity of conventional common gate mixers.
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Figure 6. Return loss (S11) for conventional common gate mixer
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Figure 7. Return loss (S11) for the modified common gate mixer
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Table 1. A comparison of characteristic features of the proposed mixer and other configurations

CMOS 0.18um Technology for 2.4 GHz Applications

High Linearity Common Gate Gilbert Cell Mixer Design Using

References [4] [5] [6] [7] [8] [9] This work
Process 0.18u 0.25u 0.35u 0.18u 0.13u 0.35u 0.18u
Supply Voltage (V) 1.5 2.5 3 1.8 1.5v 1.8 1.8
Frf (GHz) 2.4 1.9 3.1-4.8 2.4 2.4 2.4 2.4
Flo (GHz) 2.3 1.85 2.1 2.39 2.1
Power Consumption (mW) 5.6 13.01 18 14.3 9 54 4.32
LO Power (dBm) -7 - -—- -—- - -—- +5
IIP3 (dBm) 5.46 5.13 0 8.032 44 9 12.742
P-1 (dBm) -8.98 -5.83 - -4.65 --- 2
Conversion Gain (dB) 33 2.13 12 10.7 11.4 16.5 2
SSB Noise Figure (dB) 14.87 18.2 7.7 16 132 - 12.87

Table 2. Variations in linearity of the conventional common gate mixer

based on Gilbert cell versus temperature

I1P3 (dBm) Temperature (°C)
-3.37 0
-3.33 27
-2.02 50

Table 3. Variations in linearity of the modified common gate mixer based

on Gilbert cell versus temperature

I1P3 (dBm) Temperature (°C)
5.009 0
12.742 27
9.899 50
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Figure 9. I1IP3 for the modified common gate mixer at 27 °C

6. Conclusions

Designing a highly-linear Gilbert cell mixer with
minimum power consumption is not an easy task. One way
to improve linearity of mixers is multiple gated transistors
method which does not involve using complex circuitry
while it acceptably improves linearity without increasing
power consumption.

Mixer linearity is improved 16 dBm by means of proposed
method. The MGTR method is used in proposed mixer
design. The proposed mixer linearity is improved without
using any extra electrical power. The improved mixer

linearity is made by means of three inductors and two
auxiliary transistors without changing in transistor size of
conventional common gate mixer.

Disadvantages of MGTR include variation in linearity
depending on implementation process, changes in
temperature, and changes in bias voltage of the auxiliary
circuit.

Although these changes may be extensive, however, the
improvements are still remarkable compared to the original
architecture which does not employ auxiliary circuits. In
addition, the capacitances resulting from this auxiliary
circuit may reduce conversion gain.

Linearization proposed method is well implemented on
low-voltage, low-noise, power amplifiers and mixers
because this method can be used to design integrated circuits
in RF transceiver and front-end microwave.

The proposed method needs shorter designing time than
other modified method because transistor size doesn’t need
to change.
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