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A +10-dBm IIP3 SiGe Mixer With
IM3 Cancellation Technique
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Abstract—A third-order intermodulation (IM3) cancellation
technique using a submixer is proposed for a low-power low-dis-
tortion mixer. The IM3 cancellation is achieved by summing IM3s
generated in a main mixer and the submixer, which are almost
the same amplitude and opposite phase. The mixer was designed
to operate at 870 MHz. The proposed technique reduces IM3 by
18 dB with a current increase of about 15% and is suitable for
low-power applications. The mixer achieved an input-referred
third-order intercept point (IIP3) of 10 dBm, a gain of 8.7 dB,
and an NF of 9.8 dB and dissipates 30 mW from 2.9 V. The IC is
fabricated in a SiGe bipolar transistor with = 30 GHz.The IC
occupies 1.44 mm 1.44 mm.

Index Terms—Active mixer, code-division multiple ac-
cess (CDMA), intermodulation, linearization, phase shifter,
third-order distortion.

I. INTRODUCTION

S INGLE-CHIP receiver ICs have been recently developed
with silicon technology for low-cost terminals [1]–[3].

The single-chip receiver usually adopts a differential cir-
cuit topology regardless of receiver architectures such as
direct-conversion architecture, sliding-IF architecture, and
low-IF architecture, because front-end circuits including base-
band circuits need to suppress common-mode undesired signals
and second-order nonlinearity. Thus, a double-balanced mixer
(DBM) is adopted as a front-end RF mixer for the single-chip
receiver ICs. Furthermore, the DBM has advantages for sup-
pressing spurious at the local oscillator (LO) frequency which
would degrade the IF and baseband dynamic range.

Wireless terminals need to have low-noise performance and
suppress odd-order nonlinearities as well as second-order non-
linearity and the spurious at the LO frequency so as to receive
small desired signals even with strong interference. So, a low-
noise amplifier (LNA) and the RF mixer must be designed to
achieve low noise and high linearity. In particular, the RF mixer
must satisfy a high third-order intercept point (IP ) in code-di-
vision multiple-access (CDMA) systems, where the intermodu-
lation specifications are challenging [4].

The RF mixer is also required to operate with low power for
extending the phone talk time. However, the power consumption

Manuscript received April 15, 2004; revised July 8, 2004.
S. Otaka and T. Itakura are with the Corporate Research and Devel-

opment Center, Toshiba Corporation, Kawasaki 212-8582, Japan (e-mail:
shoji.ootaka@toshiba.co.jp).

M. Ashida is with the Semiconductor Company, Toshiba Corporation,
Kawasaki 212–8520, Japan.

M. Ishii is with the Semiconductor Company, Toshiba Corporation, Yoko-
hama 247–8585, Japan.

Digital Object Identifier 10.1109/JSSC.2004.836331

cannot be easily reduced, because there is a tradeoff between
linearity and power consumption. Thus, low-power lineariza-
tion techniques such as a low-impedance termination technique
[5]–[7] and a feedforward linearization technique [8]–[10] have
been proposed so far.

The low-impedance termination technique reduces
third-order intermodulation IM , which is caused by a
product of a fundamental signal and a second-order distortion
component in this case. IM is reduced by setting an input
terminal to low impedance at around dc and at two times of
RF to suppress the second-order distortion at the input
terminal [7]. This technique is simple and works well. However,
this requires on-chip LC resonators at , which need large
chip area.

The feedforward technique has a main path and an IM can-
cellation path and cancels IM by summing two outputs which
have the same amplitude and the opposite phase to each other in
IM s. In the following, IM cancellation path is referred to as a
subpath. Among the feedforward techniques, a derivative super-
position technique is well known and uses two FETs operated
in different bias conditions, where third-order derivatives of the
two FETs are opposite phase to each other for cancellation of
third-order distortion [8], [9]. However, this technique is sensi-
tive to FETs’ characteristics and requires a precise bias tuning
to achieve sufficient cancellation of IM .

The other feedforward technique uses amplifiers and a divider
in the subpath without making use of a FET’s characteristics
[10]. A proper bias current can be easily set by this technique.
A sufficient improvement of input-referred IP (IIP ) has been
experimentally confirmed. However, the technique consumes
large power in the subpath. So, a power reduction scheme is
required for the feedforward technique of this type.

This paper describes an IM cancellation technique suitable
for a low-power mixer, which is one of the feedforward tech-
niques. The proposed technique is applied to DBM with SiGe
BiCMOS technology. In Section II, a tradeoff between linearity
and power consumption is reviewed for a differential amplifier
used in the DBM. In Section III, we discuss a basic idea for a
low-power IM cancellation technique and show the required
dc current for the subpath can be made sufficiently small. A cir-
cuit design of the IM cancellation mixer in the receiver chain
is described in Section IV, where a low-noise technique is in-
troduced to the IM cancellation mixer. Section V shows the
measured results of the IM cancellation mixer mounted on a
circuit board. Section VI summarizes the proposed IM cancel-
lation technique.
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Fig. 1. Emitter-degenerated bipolar differential pair.

II. TRADEOFF BETWEEN LINEARITY AND POWER

CONSUMPTION

The mixers are categorized into passive mixers and active
mixers. This paper focuses on active mixers or Gilbert-type
DBMs, because the active mixers have a gain of larger than
0 dB and relax noise performance of the following analog
circuit blocks. The DBM comprises a transconductance ( )
amplifier as an input stage and a current-switching stage. The
linearity of the DBM mainly depends on that of the am-
plifier [11]. So, the linearity of the amplifier is considered.
In a bipolar transistor (BJT) differential pair with degeneration
resistor , as shown in Fig. 1, an output current is given by
the following expression [12], [13]:

(1)

where is a tail current of the differential pair, is thermal
voltage, and is an input voltage. From (1), a current ratio of
IM to fundamental element is given as follows:

(2)

where is the first term and is proportional to the second term
of (1), respectively. means an equivalent resis-
tance for emitter degeneration. Assuming that ,
from (2), a current ratio of is approximately given as fol-
lows:

(3)

Equation (3) indicates that a ratio of decreases by 3 dB
as increases by 1 dB. Therefore, an IIP is improved by
1.5 dB as the tail current is increased by 1 dB, i.e., IIP

IIP IIP in dB in dB . Here, the
figure of merit for IIP is defined as follows:

FOM
IIP IIP IIP in dB

I in dB
(4)

To obtain higher FOM , the IM cancellation technique of
the feedforward type has been studied for LNA as shown in
Fig. 2 [10]. The subpath comprises the identical amplifier

Fig. 2. Conventional IM cancellation technique.

used in the main path, an additional amplifier having gain of 2,
and a current divider. An IM current of the subpath, ,
becomes almost the same as that of the main path, , from (1).
The IM cancellation is achieved by summing two IM s which
are almost the same amplitude and opposite phase. An FOM
is improved by 2.2 in [10], and this technique achieves lower
power than the simple technique with a current increase only.

A fundamental signal is reduced by about 2.5 dB, because an
amplitude of a fundamental signal in the subpath is a quarter of
that in the main path. However, the reduction of the fundamental
signal should be small for low power.

An input-referred 1-dB compression point IP is also an
important specification as is the IIP from the perspective of lin-
earity. IP expresses large signal nonlinearity. However, an
equation for weak signal nonlinearity such as (1) is commonly
used for an approximate analysis of IP . IP is approxi-
mately expressed as a function of IIP [13] as follows:

IP IIP dB (5)

where IP is estimated by subtracting a third-order distortion
from a linearly amplified signal at an applied frequency. Thus,
IP is approximately proportional to IIP because both IIP
and IP are mainly determined by third-order distortion.

The conventional feedforward technique has IP that is
9 dB smaller compared to the simple technique with a current
increase when the same currents are consumed in the two tech-
niques, because the conventional feedforward technique con-
sumes twice the dc current of a single LNA at least. This result
in an unacceptable power loss.

Our goal is to reduce power consumption for improving IIP
with no degradation of IP , considering that the mixer is ap-
plied to CDMA systems for which the IIP requirement is more
severe than IP . In this case, IP of the mixer of our goal
approaches that of the simple technique when the same currents
are consumed in the two techniques.

III. IM CANCELLATION TECHNIQUE

The issue concerning the conventional feedforward tech-
nique is overcome by reducing dc current consumed in the
subpath. Fig. 3 shows the proposed IM cancellation concept
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Fig. 3. Concept of the proposed mixer with IM compensation.

for achieving both low power and high linearity. A ampli-
fier is equipped to remove IM generated in a amplifier so
as to keep IM of the amplifier at the same amplitude with
opposite phase compared to that of the amplifier, where
a dc current of the amplifier is set to much less than that
of the amplifier for low-power operation. The proposed
technique improves FOM compared to the conventional
technique, in principle. The following discusses the design of
the IM cancellation mixers.

Fig. 4 shows input power dependence of the fundamental
signal and IM both for the main path and the subpath. For the
main path, the fundamental signal and IM are depicted by the
solid line as and , respectively. Here,
is assumed to avoid cumbersome analysis for the IM cancella-
tion concept. A current ratio of is approximately expressed
by from (3), where is constant and is an
emitter degeneration resistance in the main path.

A current ratio is considered for the amplifier with
the emitter degeneration resistor set to , where .
In the case that the amplifier flows the same current
as the amplifier, the current ratio is .
Thus, in the subpath of this case, the fundamental signal and IM
are depicted by the dotted line as and at , respectively.
IM in the subpath needs to be increased so that the IM s in
both the main path and the subpath are the same in order to
cancel IM , i.e., at should be increased up to . For
this purpose, a dc current of the amplifier is reduced. This
is effective for achieving lower power.

For proper IM cancellation, of the subpath is set to a
larger ratio than that of the main path by a ratio of the transcon-
ductance of the main path to the transconductance of the sub-
path, i.e., in this case. Thus, the dc current of the
amplifier should be set as follows:

(6)

where and are of the main
path and the subpath, respectively. is a ratio of the subpath
transconductance to that of the main path. From (6), we have

(7)

Fig. 4. Input power dependence of fundamental signals and IM for both the
main path and the subpath.

An accurate bias current setting can be determined by a ratio of
the emitter degeneration resistances.

The transconductance in the subpath should be smaller than
that in the main path for a small gain reduction. The prior ap-
proach shown in Fig. 2 has a gain reduction of 2.5 dB. In our
design objective, the gain reduction is within 1 dB. For this pur-
pose, a ratio of the transconductances, , is set to about 10. In
this case, is reduced to approximately 0.05 from (7).

An input range of the amplifiers in both paths is propor-
tional to a product of the emitter degeneration resistance and the
dc current. From (7), the product of the amplifier, ,
is given as follows:

(8)

The amplifier has an input range lower than the
amplifier. So, in the case of , the input range of the
amplifier is half that of the amplifier, because is
approximately .

Fig. 5 shows an RF mixer for applying the IM cancellation
technique. The IM cancellation mixer comprises a main gm
path and a sub- path which are connected in parallel before
common current switches Q10–Q13. The main path com-
prises a differential amplifier Q1–Q2 with an emitter degenera-
tion of and two tail current sources of . The sub-
path is composed of a differential amplifier Q3–Q4 with an
emitter degeneration of and two tail current sources of .
The tail current should be set to for as
described above.

IV. CIRCUIT DESIGN FOR LOW-NOISE IM
CANCELLATION MIXER

Low-noise performance is required for the RF mixer in a re-
ceiver chain. In this section, a low-noise technique is described
for the proposed IM cancellation mixer.

A. IM Cancellation Mixer With Emitter Degeneration
Inductor

For low-noise performance, the emitter degeneration resis-
tors of the main DBM and the sub-DBM would be replaced by
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Fig. 5. IM cancellation mixer with linearized transconductance amplifier.

Fig. 6. Low-noise IM cancellation mixer.

inductors. However, the emitter degeneration inductor oc-
cupies a large area for the sub-DBM, because is required to
be ten times an inductance in the main DBM for the approxi-
mate analysis described in Section III. So, the emitter degener-
ation resistor is only replaced by the emitter degeneration
inductor for the main DBM, while the emitter degeneration
resistor is used in the sub-DBM to avoid occupying a large
area. This change of the emitter degeneration inductor results
in a phase shift of the IM in the main DBM. LO signals with
different phases are applied to the main and the sub-DBM as
described in Section IV-B, in order to compensate for the phase
shift of IM . Fig. 6 shows a low-noise version for the proposed
IM cancellation mixer.

The phase shift is estimated from (1). An output current
of the differential pair for the main DBM is rewritten as follows:

(9)

Fig. 7. Phases of fundamental and IM currents in the main DBM and
sub-DBM.

where
.

means a transconductance of the
differential amplifier, and is a fundamental current for
the differential amplifier. When two-tone voltage signals at
angular frequencies are applied, fundamental signal
currents are phase-shifted by and

at and , respectively. For a
usual condition of is approximately . The phase
shift of IM at is .
The first term is due to third-order distortion for the current

having two-tone signals, and a second term is due to
third-order coefficient . is approximately expressed by

for .
On the other hand, an output current of the differential

amplifier for the sub-DBM is expressed by

(10)

where
. means

a transconductance of the differential amplifier, and is a
fundamental current for the differential amplifier. In this case,
fundamental currents are not phase-shifted and the phase of the
IM is . Fig. 7 depicts phases of fundamental signal currents

, and IM currents and for the main DBM and
the sub-DBM, respectively.

In our design, the emitter degeneration inductance of 9.6
nH and the tail current of 7 mA are set in the main DBM for
low noise and high linearity, where a resistance of 15 is par-
asitic to the emitter degeneration inductor in series. The emitter
degeneration resistance of 190 and the tail current of
600 A are set in the sub-DBM to give an IM cancellation.
From (9) with a series resistance of , the fundamental cur-
rent of the main differential amplifier has a phase lag of

compared to the fundamental current of the subdiffer-
ential amplifier. The IM current of the main differential ampli-
fier has a phase lag of compared to that of the subdif-
ferential amplifier. Fig. 8(a) shows simulated results of the input
power dependences of the phase difference between
the main differential amplifier and the subdifferential amplifier,
where and are phases of currents of the subdifferential
amplifier and the main differential amplifier, respectively. The
main differential amplifier has phase lags of and
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Fig. 8. (a) Simulation results of input power dependence on the phase
difference � � � . � is the phase of current in the main path. � is
the phase of current in the subpath. (b) Simulated results of input power
dependence on current amplitudes of fundamental component and IM in the
main path and the subpath.

in the fundamental and IM currents, respectively, compared to
the subdifferential amplifier.

Fig. 8(b) shows simulated results of the input power depen-
dence of normalized current amplitudes of the fundamental
signal and IM for both the main and the subdifferential am-
plifiers. Amplitudes of IM are almost the same in the main
and the subdifferential amplifiers. A ratio of is about
7 or 17 dB. These results indicate that a phase shift of
is needed for to achieve the IM cancellation without a
large reduction of the gain, considering that outputs of the two
DBMs are connected with opposite polarity.

B. Phase Shifter for Low-Noise IM Cancellation

There are two methods to achieve a phase shift IM which
facilitates an IM cancellation. One is to phase shift the RF
signal, while the other is to phase shift the LO signal. The LO

phase-shift method is chosen because a signal path loss due
to a phase shifter should be avoided to achieve low-noise per-
formance [14]. Fig. 9 shows the proposed low-noise IM can-
cellation mixer with a phase shifter equipped in the LO signal
path. Fig. 10(a) shows the phase shifter using RC bridge cir-
cuits, where amplitudes of and are the same for all
frequencies, but a phase difference between those depends on
the frequency and is expressed by [15].
The RC phase shifter in the LO signal path makes the IM cur-
rent of the sub-DBM phase-shifted by , as shown in
Fig. 10(b) as well as fundamental current . Therefore, down-
converted components of and are summed in opposite
phase to each other. On the other hand, a phase difference be-
tween downconverted fundamental signals and is .
This effect is described in the next section.

The LO buffer is comprised of a differential amplifier and
loads in which on-chip inductors and the RC-type phase shifters
are connected in parallel, as shown in Fig. 10(a). The drive cur-
rent of the LO buffer needs to be increased for the phase shifters
and the sub-DBM. The LO buffer consumes 2 mA for driving
the main DBM, the sub-DBM, and the phase shifters. In our es-
timation, the additional current of 0.8 mA is required for driving
the phase shifter and the sub-DBM to keep a sufficient ampli-
tude for the current switch of the DBMs.

C. Estimation of the Gain Reduction

In our design objective, the gain reduction is less than 1 dB.
In the actual design described above, a ratio of the transconduc-
tance of the main differential amplifier to that of the subdifferen-
tial amplifier is about 7 in simulation. This means that the gain
reduction is 1.3 dB if the fundamental signals of both the main
DBM and sub-DBM are of opposite phase after phase shifting.
However, the gain reduction is within 1 dB since the phase dif-
ference between downconverted fundamental signals and

is . Hence, a ratio of the fundamental currents becomes
approximately in this case.

D. Estimation of the Process Variation

Process variation affects the IM cancellation. The relation
between process variation and the expected IM cancellation is
described in the following.

The absolute resistance variation causes an amplitude differ-
ence between the IM s of the main DBM and the IM s of the
sub-DBM. When an absolute resistance increases to times
by process variation, dc currents, and , are assumed to
be times. In this case, the IM s of the main DBM and
sub-DBM, and , are expressed from (9) and (10) as fol-
lows:

(11)

(12)

where is the parasitic resistance of the inductor. In
our design, approximately increases to times and

decreases to times. A residual IM becomes
, where is without absolute
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Fig. 9. Low-noise IM cancellation mixer with an LO phase shifter.

Fig. 10. (a) Phase shifter with the LO buffer. (b) Phase shift for a fundamental
component and IM in the subpath.

resistance variation, i.e., at . The IM cancellation is
limited by in dB. For IM cancellation of
over 20 dB, is required. For IM
cancellation is limited by 7.5 dB. Fig. 11(a) shows in
this case.

Fig. 11. Amplitude and phase error due to process variation. (a) Amplitude
difference. (b) Phase difference.

The variation of the absolute resistance or the absolute ca-
pacitance causes a phase difference of the IM between the main
DBM and sub-DBM, because the phase shift of the phase shifter
depends on the RC product. When the absolute resistance and
capacitance increase to times, respectively, the phase
difference is .
Fig. 11(b) shows at the phase difference . IM can-
cellation is limited by in dB. In the case that

, where in our design.
The IM cancellation is limited by 15 dB in this case.

V. MEASURED RESULTS

The low-noise IM cancellation mixer was fabricated in
a SiGe BJT with 30 GHz. A microphotograph of the
IM cancellation mixer is shown in Fig. 12. The die area is
1.44 1.44 mm , where the sub-DBM and the phase shifter
occupies a small portion of the total area. A plastic package
was mounted on a glass-epoxy circuit board for evaluation. The
characteristics of the low-noise IM cancellation mixer were
measured with an external LO frequency set to 1230 MHz and
an IF frequency of 360 MHz with an off-chip matching circuit.

Fig. 13 shows characteristics of fundamental components
and IM with and without the IM cancellation technique when
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Fig. 12. Die photograph.

Fig. 13. The fundamental components and IM at mixer output when two
tones are applied at 871.25 and 872.5 MHz.

two-tone RF signals of 871.25 and 872.5 MHz are applied to
the input. This figure indicates that the proposed IM cancel-
lation mixer successfully cancels the IM by 18 dB. Fig. 14
shows input power dependence of fundamental components
and IM with and without the IM cancellation technique. The
IM cancellation technique improves IIP by 9 dB compared
to the mixer without IM cancellation, while a bias current of
the mixer is increased from 10.2 to 10.8 mA. FOM of 7.5 is
obtained, considering the incremental current of the LO buffer
for driving the phase shifter and the sub-DBM. The proposed
IM cancellation technique has FOM superior to that of the
conventional IM cancellation technique applied to the LNA,
of FOM [10]. Table I summarizes a comparison of
FOM for the proposed technique with previously proposed
methods. This indicates that the proposed technique improves
IIP sufficiently with a minimal current increase.

IM cancellation is degraded for input power of over
22 dBm. This result is due to a limitation on an input range of

the sub-DBM, because the product of the emitter degeneration
impedance and dc current of the sub-DBM, , is set to a
smaller value than that of the main DBM. There is a tradeoff
between the gain reduction and the input range. In our design,

Fig. 14. Input power dependence of the fundamental components and IM
when two tones are applied at 871.25 and 872.5 MHz.

TABLE I
COMPARISON OF FOM

the input range of the sub-DBM is estimated to be about 3 dB
smaller than that of the main DBM, while the gain reduction is
within 1 dB.

A conversion gain of the low-noise IM cancellation mixer is
8.7 dB, which is reduced by 0.9 dB compared to that without
the IM cancellation technique. This result agrees with our esti-
mation as described in Section IV-C. The measured single-side-
band (SSB) noise figure (NF) is 9.8 dB. The SSB NF is degraded
by 1.3 dB compared to that without the IM cancellation tech-
nique. The SSB NF degradation is mainly caused by the gain
reduction of the IM cancellation technique.

Equations (9) and (10) indicate that the IM cancellation de-
pends on frequency due to the frequency response of the emitter
degeneration inductor of the main DBM. Fig. 15(a) shows fre-
quency responses of the IM with and without the IM cancel-
lation technique when two tones are applied at an input power
of 26 dBm. For example, when two tones are applied at 880
and 890 MHz, the output of the IM is plotted in Fig. 15(b) on
the axis at 880 MHz. IM is reduced by more than 8 dB in the
frequency range from 840 to 900 MHz. This demonstrates that
the IM cancellation is achieved over a wide frequency range.

The IC operates from a 2.9-V power supply. The measured
IP of the mixer with IM cancellation is 10 dBm and is the
same as that of the the mixer without IM cancellation. There-
fore, this proposed technique does not degrade IP . The mea-
sured results are summarized in Table II.

VI. CONCLUSION

An IM cancellation technique is proposed for low power
consumption. The IM cancellation is achieved by summing
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Fig. 15. (a) Frequency responses of IM product with and without IM
cancellation. (b) Frequency setting for the frequency response.

TABLE II
SUMMARY OF MEASURED RESULTS

IM s of both the main amplifier and the sub- amplifier,
which are opposite phase and equal amplitude. Furthermore, re-
lations of the fundamental signal and IM in phase and ampli-
tude are analyzed for this IM cancellation technique.

The IM cancellation technique is applied to an RF mixer.
The RF mixer comprises a main DBM and a sub-DBM which
are connected in parallel, where the dc current of the sub-DBM
is much smaller than that of the main DBM. For low-noise per-
formance and small chip area, an emitter degeneration inductor
is adopted in the main DBM, while an emitter degeneration re-
sistor is used in the sub-DBM. An RC phase shifter in the LO

signal path is introduced by compensating a phase difference of
IM between the main DBM and the sub-DBM. An additional
area for the sub-DBM and the phase shifter is a small portion of
the total area of the mixer.

The measured results indicate that the proposed mixer can
reduce IM by 18 dB and improves IIP by 9 dB. The improve-
ment of IIP is confirmed over an applied frequency range of
60 MHz. The proposed technique is applicable toward active
current steering balanced mixers.
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