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Abstract—The noise figure of an RF CMOS mixer is strongly
affected by flicker noise. The noise figure can be improved using
pMOS switch circuits, which insert current at the on/off crossing
instants of the local oscillator switch stage because the circuits re-
duce the flicker noise injection. When it is applied to a conventional
Gilbert mixer, the injection efficiency and linearity are degraded
by the nonlinear parasitic capacitances of the pMOS switch cir-
cuits and the leakage through the parasitic path. We propose the
pMOS switch circuits with an inductor, which tunes out the para-
sitic components at 2 and closes out the leakage path. The mixer
fabricated in 0.13- m CMOS at 2.4-GHz center frequency has pro-
vided improved characteristics for linearity and noise figure.

Index Terms—CMOS, direct conversion, double-balanced mixer,
flicker noise, Gilbert mixer, IF, 1 noise.

I. INTRODUCTION

BY VIRTUE of rapid development of wireless communi-
cation technology, many types of mobile communication

devices, such as cellular phones, global-positioning systems,
and wireless broadband Internet, have been introduced in our
daily life. For the system, it is highly desirable to develop
low-power system integrated circuits (ICs), which integrate
the various functions on a single chip. The CMOS process,
which lowers production cost and allows high-level integration,
is widely used for the applications. Among receivers for the
mobile communication systems, a direct conversion receiver
(DCR) is a valuable solution for low-cost and low-power
implementation. However, it is still difficult to design the DCR
with the CMOS due to comparatively inferior properties such
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as poor noise performance, low breakdown voltage, and small
gain; the critical problem is the poor noise performance [1].

In the DCR, a double-balanced Gilbert mixer is the most pop-
ular one due to low RF and local oscillator (LO) feed-through
[2], [3]. However, high noise figure of the mixer degrades the
entire receiver performance [4]. In the LO stage of the mixer,
switch operation for the mixing has on/off transition, and during
the transition, a high flicker noise is delivered to the output
[5]–[7]. It is proposed to use pMOS switch circuits to reduce
the noise injection [8]. The pMOS inserts current into the mixer
core at the on/off instant, and the on/off of the LO switch stage
is sharpened. A large pMOS can deliver more current and make
a sharper turn on/off of the stage than a small one. As size of
the pMOS becomes large, comparable to the core cell, the non-
linear capacitances of the pMOS produce harmonics and form
leakage paths for the insertion current. Therefore, the capaci-
tance effects should be minimized to operate the mixer properly.
In order to reduce the effects, we have proposed to tune out the
capacitances at using a parallel inductor. The tuned circuit
eliminates the leakage path for the current, which mainly has a

component, and reduces harmonic generation from the non-
linear capacitances due to the inductive padding effect.

In order to demonstrate the improved performance, we have
designed three types of mixers, which are: 1) a conventional
Gilbert mixer; 2) a mixer with pMOS switch circuits; and 3) the
proposed mixer. The mixers are compared for the noise figure
and linearity. In this paper, we describe the linearity and noise
performance of each type of mixer in Section II. In Sections III
and IV, we describe the measured results and give conclusions.

II. IMPROVEMENT OF THE NOISE FIGURE AND

THE LINEARITY OF A GILBERT MIXER

A. Noise Figure Improvement Using pMOS Switch Circuits

A double-balanced Gilbert mixer, shown in Fig. 1, comprises
a transconductance stage, an LO switch stage, and an output
load stage. The RF input signal is amplified in the transcon-
ductance stage, down-converted to an IF current signal in the
LO switch stage, and then converted to a voltage signal by the
output load stage. The dominant noise source of the DCR mixer
is flicker noise of the LO switch stage because the IF signal is
located at close to dc frequency, which is below the corner fre-
quency of the noise. The noise influence on the LO switch core
is described by two mechanisms [5]. One is the direct influence
that the noise of the stage is sampled at during the on/off
transit time aperture. The other one is the indirect influence of
charging and discharging of the parasitic capacitance of
the stage by the flicker noise at . Concerning the direct flicker
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Fig. 1. Conventional double-balanced Gilbert mixer in DCR.

Fig. 2. (a) Gilbert mixer with pMOS switch circuits. (b) pMOS switch circuits
with parasitic capacitances.

noise influence, the noise sampling aperture is determined by
the switching transit time of the LO stage and the noise can be
reduced by narrowing the aperture. The aperture can be reduced
by using the pMOS switch circuits in the conventional mixers,
as shown in Fig. 2(a) [8]. The pMOS switch circuits provide
current at nodes A and B during every switching instant. As
the current flows into the switch stage, the sampling aperture
is reduced and the noise figure of the mixer is improved. For
an effective insertion of the current, the pMOS cell size should
be large enough to generate a proper amount of current. How-
ever, the increased pMOS has large parasitic capacitances such
as the drain–gate capacitance and drain–body capacitance

, as shown in Fig. 2(b). The capacitances, together with
, provide leakage paths for the insertion current and limit the

amount of the current. Moreover, the capacitances are nonlinear,
generating harmonics.

Fig. 3. (a) Proposed Gilbert mixer with pMOS switch circuits resonated by an
inductor. (b) Equivalent circuits of the single-stage mixers.

B. Noise Figure and Linearity Improvements of a Gilbert
Mixer With Inductive Tuned pMOS Switch Circuits

To improve the noise figure further by a proper operation of
the pMOS switch circuits, an efficient current insertion method
should be found. For this purpose, we have employed a par-
allel inductor to tune out the capacitances at , as shown in
Fig. 3(a). The equivalent circuit is shown in Fig. 3(b). The non-
linear impedance comprises the nonlinear capacitances,
such as the and , negative transconductance
of the pMOS switch circuits, and parasitic capacitance .
The insertion current mainly has a component, and the
current cannot leak through the parallel resonated circuit. There-
fore, the insertion current can be delivered very efficiently, re-
ducing the direct flicker noise contribution. The flicker noise of
the switch core is indirectly transmitted by charging and dis-
charging of [5], [14] and the reduction of the effect by
the resonant circuit also suppresses the indirect noise. Table I
shows spectral density of the flicker noise in the switch core for
each type of mixer. The flicker noise contribution of the conven-
tional Gilbert mixer is reduced by the pMOS switch circuits. The
proposed circuit shows a significant further improvement of the
flicker noise effect.

We have found that the resonant circuit can enhance the lin-
earity due to the inductive padding effect for the nonlinear ca-
pacitances. Harmonics of conventional Gilbert mixers are gen-
erated mainly by nonlinearity of the transconductance stage [9].
Since the LO switch stage operates as an on/off switch and
the output load stage is a passive component, neither of them
generates any significant distortions. In the transconductance
stage, the harmonics are generated mainly from (transcon-
ductance), (output conductance), and (gate–source ca-
pacitance); the dominant influence is from nonlinearity [10],
[11]. The nonlinear can be expressed by a Taylor series ex-
pansion as follows [12], [13]:

(1)
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TABLE I
FLICKER NOISE CONTRIBUTION FROM LO SWITCH CELL

Fig. 4. Input impedance results seen at the source of the switch cell.

Fig. 5. pMOS size-dependent characteristics.

Corresponding drain current of the transconductance is de-
scribed as a function of (transconductance) and gate-source
voltage

(2)

However, the pMOS switch circuits provide additional large
nonlinearity components such as , , and , as shown
in Fig. 2(b). Due to the nonlinear elements of the pMOS switch
circuits, linearity of the mixer is degraded. For the resonant cir-
cuit, the nonlinear capacitances are padded by the inductor and
the harmonics generated are reduced significantly. consists
of , , and and is represented by . The admittance

of at , which is the operating frequency, is
given by

(3)

Fig. 6. Comparison for drain currents of LO switch cell: (a) with Gilbert mixer
and with pMOS switch circuit tuned by inductor and (b) with pMOS switch
circuit tuned by inductor and with pMOS switch circuit.

For a variation of the by , due to the switching
action, the variation is given by

(4)

Equation (4) can be further simplified to

(5)



YOON et al.: NEW RF CMOS GILBERT MIXER WITH IMPROVED NOISE FIGURE AND LINEARITY 629

Fig. 7. Photograph of: (a) conventional Gilbert mixer, (b) with pMOS switch
circuits, and (c) with pMOS switch circuits and inductor.

where . Equation (5) shows that effective
variation of is reduced by a factor of 3, reducing the non-
linearity. Fig. 4 shows the calculated impedances of for the
on and off states of the pMOS switch. It clearly shows the reso-
nance at for the on stage. The impedances of the circuits at

is similar for the on and off stages, behaving quite similarly.

C. PMOS Size Optimization

For the circuit design, size of the pMOS is very important and
should be optimized. For this purpose, we have simulated the
noise and linearity performances as a function of the gatewidth.
The noise figure of the mixer is simulated using Cadence
Spectre-RF, which can compute the down-converted noise
behavior. We have calculated for the case with and without
the inductor and the results are summarized in Fig. 5. Our
simulation shows that when the inductor is not employed, the
noise figure of the mixer is improved as the width is increased.
However, for a large width PMOS, more than 40 m in our
case, the noise figure is degraded rather than improved due
to the current leakage through the capacitances. When the
inductor is employed, the noise figure is improved continuously
by a large amount up to the gatewidth of 60 m, mainly due to
the proper current insertion.

Fig. 8. Measured results of the fundamental and third harmonic powers.

Fig. 9. Measured and simulated SSB noise figure.

As shown in Fig. 5, the pMOS switch circuit degrades lin-
earity of the mixer, and the large pMOS mixer has a low third-
order input intermodulation (IIP3), as expected. When the non-
linear capacitances are tuned out by the inductor, the mixer lin-
earity is significantly improved, but the gatewidth increases fur-
ther, large current flows through the nonlinear capacitances, and
the IIP3 is degraded. For the pMOS gatewidth of up to 50 m,
the nonlinearity of the pMOS is not a significant factor in our
case. From Fig. 5, we can conclude that the optimum size of
the pMOS with the tuned inductor is around 50–60 m. Fig. 6
show waveforms of the drain current of the LO switch stage.
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TABLE II
PERFORMANCE OF THE THREE MIXERS

They clearly show that the waveforms are sharpen by the effec-
tive current insertion.

III. REALIZATION AND MEASURED RESULTS

We have designed the three types of mixers, which are: 1) a
conventional mixer; 2) a mixer with the pMOS switch circuit;
and 3) a mixer with a pMOS switch circuit tuned by an in-
ductor. For comparison under the same conditions, cell sizes
of the transconductance and the LO switch stages are equal
for the mixers. The same tail current source, load resistance,
and bias, such as gate–source voltage of the transcon-
ductance stage and the LO switch stage, are also applied. Both
the transconductance and LO switch stage cells width/length
are 129.6 m/0.13 m, resistance of the load is 200 , and
the degeneration inductor is 4.2 nH. Size of the pMOS switch
cell width/length is 18 m/0.13 m without the inductor and
54 m/0.13 m with the inductor (11.6 nH), which is the op-
timum size. These mixers are fabricated and compared for the
noise figure and linearity. Fig. 7 shows photographs of the fabri-
cated CMOS mixers using a 0.13- m RF CMOS process. Core
chip areas without the pads are 0.53 0.6 mm in the con-
ventional Gilbert mixer, 0.53 0.6 mm in the mixer with the
pMOS switch circuit, and 0.56 0.87 mm in the mixer with the
pMOS switch circuit tuned by the inductor. However, the chip
sizes can be reduced further by proper layout. To test the chips,
an evaluation chip board is fabricated using an FR-4 printed
circuit board (PCB) and the chips are directly mounted on the
ground plate of the evaluation boards. To measure RF perfor-
mances, a two-tone test is performed at 2.4- and 2.401-GHz
frequencies. The LO frequency is set to 2.395 GHz in an input
power of 5 dBm, while the output signal is measured at an IF
of 5 MHz. We apply V in the LO switch stage and

V in the transconductance stage at V.
Fig. 8 shows the measured fundamental and third harmonic fre-
quency voltages as a function of the differential RF input power
swing. The measured IIP3 of the conventional Gilbert mixer is
3.8 dBm. The linearity of the mixer using the pMOS switch cir-
cuits is reduced to 2.7 dBm. The mixer using the pMOS switch
circuits with the inductor has an IIP3 of 4.4 dBm. Each type
of mixer is measured for a single-sideband (SSB) noise figure.
Fig. 9 shows the measured and simulated SSB noise figure over
the output frequency range from 100 kHz to 100 MHz. The mea-
sured SSB noise figure at 1 MHz is 21.7 dB for the conven-
tional Gilbert mixer and is improved to 19.7 dB with the pMOS
switch circuits. The proposed circuit has an SSB noise figure of
13.2 dB. These measured data are summarized in Table II.

IV. CONCLUSIONS

A new circuit to improve noise figure and linearity of a Gilbert
mixer has been proposed. The pMOS switch circuits sharpen
on/off transition of the switching core and flicker noise from the
stage is reduced, resulting in an improved noise figure. However,
when the circuit is employed in a conventional Gilbert mixer,
improvement of the noise figure is limited due to the leakage
path through nonlinear capacitances of the pMOS switch cir-
cuits. We have employed an inductor to tune out the path and
can efficiently insert the current for further improvement of the
noise performance. The linearity degradation due to the non-
linear capacitances of the pMOS switch cell is also reduced by
using the resonant circuit. Consequently, the proposed Gilbert
mixer improves the noise figure and linearity. We have demon-
strated the improved performance of the proposed mixer using
a 0.13- m CMOS process.
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