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1 Introduction

With exploration and development of CMOS technology [1], it could have low
cost, small size and low-voltage circuitry promising to integrate the whole system
on a single chip. The challenges are continuous and imply attention in exploration
of RF architectures [2–4]. The RF mixer is a critical component in RF system,
because of its ability for frequency conversion. Basically, the frequency conversion
can be done in two ways:

1. Up-Conversion Mixer (UCM)
2. Down-Conversion Mixer (DCM)

In up-conversion mixer, a mixer is used in the transmitter circuitry. It multiplies
the low-frequency message signal with the local oscillator signal to convert
low-frequency message signal to high-frequency message signal [5, 6].

Receiver circuitry is required for down-conversion mixer. It multiplies a
high-frequency signal with a local oscillator signal to obtain low-frequency signal
(IF signal) [6].

In an ideal situation, the output of the mixer is an exact replica of input signal.
But in reality, due to the nonlinearity of the mixer some distortion occurs at the
output. That’s why linearity is one of the major parameters of mixer design. The
mixer converts the frequency of the signal with some gain, this is called conversion
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gain. In the design of mixer, attention should be given in the leakage of local
oscillator to the output port [7, 8].

A good mixer should have the following qualities:

1. Large conversion gain
2. Good isolation
3. Small noise figure
4. High linearity

Since these parameters depend upon each other. Therefore, it is a tedious task to
develop a suitable mixer topology, which can obtain a high conversion gain, and
high linearity, low power, and noise figure, at the same time [2–5]. Zigbee IEEE
802.15.4 illustrates three frequency bands for operation: the 868-MHz, 915-MHz,
and 2.4-GHz ISM bands in which the 2.4-GHz band is the most commonly used
unlicensed band [2]. This standard is applicable in industrial, home automation,
consumer electronics, and personal healthcare appliances [9].

The active mixer leads to a better conversion gain and low-noise figure. But the
linearity and power consumption are not better [10]. Since linearity and conversion
gain both oppose the enhancement of each other, therefore for proper value of
conversion gains and IIP3, a novel architecture of mixer has been chosen. The two
transconductance amplifiers have been used for boosting the conversion gain and
derivative superposition theorem is used to enhance the linearity of the mixer.

This paper is organized in the following manner: The insight of the basics of
Gilbert cell mixer design and operation are demonstrated in Sect. 2. A summarized
analysis of proposed mixer topology is described in Sect. 3. Simulation results and
discussion are demonstrated in Sect. 4. This consists of all the important data such
as conversion gain, noise figure, linearity and 1 dB compression point. Finally, the
conclusion is enunciated in Sect. 5.

2 Gilbert Cell Mixer Design

For constructing the active mixer, the Gilbert mixer cell is most commonly used
topology [11–13]. Gilbert mixer has several salient features that are enough con-
version gain with the proper load. A very good port-to-port isolation and low-noise
figure is led by double-balanced Gilbert cell topology. It operates on the concept of
translinear configuration. The drawbacks of this type of mixers are limited linearity
and frequency, which depends on matching. The input transistors of these mixers
should be in saturation region. The schematic diagram of Gilbert cell mixer has
been depicted in Fig. 1.

IOUT is tail current of transistor NM5. For governing the total current the tail
current IOUT should be in the saturation region. Transistors NM6 and NM7 are
differential pairs, which operate in saturation region and change the input voltage to
current. The linearity and gain of Gilbert cell mainly depend on these NM6 and
NM7 transistors. Two pairs of switches are NM1, NM2, and NM3, NM4 operate in
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a saturation region. Mainly this transistor mixed the signal current from transcon-
ductors NM6 and NM7 [5] with the local oscillator (LOSC) signal current.

The Gilbert mixer output current can be expressed as follows [4]:

Iout ¼ Iout1 � Iout2 ¼ ðI1 � I2Þ � ðI3 � I4Þ ð1Þ

The transconductance of NM6 and NM7 is gm:

gmNM6 ¼ gmNM7 ¼ gm ð2Þ

The voltage conversion gain of Gilbert mixer is demonstrated as

GCB ¼ VRF

VIF
¼ IoutRL

VIF
¼ gmRL

X1

n¼1

sin np
2
np
2

cosðnxLOSC þxIFÞtþ cosðnxLOSC � xIFÞt½ �

ð3Þ

where RL is the load resistance of the Gilbert cell mixer.

3 Transconductance Amplifier-Based Up-Conversion
Mixer

The transconductance amplifier-based up-conversion mixer is shown in Fig. 2. The
transconductance pair transistor M1 and M2 are used to convert the IF signal
voltage to current. The transistors M3, M4 and M5, M6 behave as two pairs of ideal

Fig. 1 Schematic diagram of
the Gilbert mixer
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switches, which are biased in the saturation region. These transistors enhanced the
current, supplied by transconductance pairs M1 and M2. To connect these four
transistors to M1 and M2, the derivative superposition method is implied. The
transistors M1 and M2 are connected to parallel with transistors M7, M8 and M9,
M10. The transistors (M7–M10) are functioned in weak inversion region. The W/
L ratio of these transistors is demonstrated as

RON ¼ 1
lncox

W
L ðVGS � VTÞ ð4Þ

If the aspect ratio (W/L ratio) of transistors M7 and M8 decreases, then RON

resistance of these transistors is improved. With proper selection of W/L of tran-
sistors M7–M10 comes in weak inversion region. The parameter gm3 depends on
VGS [10]. The IIP3 is determined by the third-order coefficient of transconductance
gm3. If gm3 decreases, then the linearity will increase. For improving the circuit
linearity, a source degeneration spiral inductor is used. The inductance is selected at
the resonant frequency. The blocking capacitors CBL behaves so as to isolate the
input and output port from the DC sources.

The load resistors (RL) connected on the top of LO switch transistors which is
optimized to achieve a minimum power loss and better gain.

Fig. 2 Schematic diagram of the proposed up-conversion mixer circuit with transconductance
amplifier
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4 Simulation Results

The proposed circuit is simulated using Cadence analog and digital system design
tools with PDK UMC 90 nm CMOS technology. The passive balun is used for the
simulation of mixer circuit, which is depicted in Fig. 3.

The radio frequency (RF) of the mixer is designed at 2.4 GHz and the local
oscillator is selected to operate at 2.3 GHz. The baseband signal is chosen at
100 MHz. The proposed circuit converts 100 MHz Baseband to 2.4 GHz radio
frequency (RF) signal.

To find the transient response of the circuit, transient simulation techniques are
required and the AC signals (RF and LO signals) must be applied to the mixer. The
voltage against time (transient response) is presented in Fig. 4.

Figure 5 has presented the conversion gain of mixer, which is plotted against
frequency is achieved at 21.4 dB. The 1 dB compression point and IIP3 of the
mixer are found −5.61 and 4.24 dBm as shown in Figs. 6 and 7 respectively. The
noise figure of the proposed mixer circuit produces 13 dB, which is shown in
Fig. 8. The performance summary of the proposed mixer have been compared to
other recent papers, and is summarized in Table 1.

Fig. 3 Test bench used for mixer design
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Fig. 4 Transient response of transconductance amplifier-based up-conversion mixer

Fig. 5 Voltage conversion gain versus IF frequency of transconductance amplifier-based
up-conversion mixer
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Fig. 6 1 dB compression point of transconductance amplifier-based up-conversion mixer

Fig. 7 IIP3 of transconductance amplifier-based up-conversion mixer
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5 Conclusion

The circuit is proposed to demonstrate the challenge of high conversion gain and
low-noise figure with good linearity of the mixer for Zigbee band application. In
this paper, two transconductance amplifiers with super derivative technique is used.
It illustrates high forward gain, low-noise figure and linearity with power con-
sumption of 3.65 mW. The circuit is compared with the newly designed mixers. So
it is best suited for applying in energy efficient low-power Zigbee transmitter
front-end.

Fig. 8 Noise figure of transconductance amplifier-based up-conversion mixer

Table 1 Cross-platform comparative performance

Parameter [3] [4] [5] [6] [7] This
work

Technology 0.18 µm 0.13 µm 0.18 µm 0.18 µm 0.18 µm 90 nm

Power supply (V) 1.2 1.2 1.8 1.8 1.8 1.8

IF freq (MHz) 100 10–400 1 100 100 100

LO freq (GHz) 1.8 1.8–2.6 2.419 5.1 5.1 2.3

RF freq (GHz) 1.9 1.810 2.42 5.2 5.2 2.4

Conversion gain (dB) 5 1.1 16.2 6 6 21.4

Input 1 dB compression
point (dBm)

−20.7 −5.61

IIP3 (dBm) 14.68 6.45 8 15.7 4.26

Noise figure (dB) 18.6 26 24 13

Power consumption (mW) 9.45 10 8.6 7.5 3.65
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