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A High ITP2 Mixer Enhanced by a New Calibration
Technique for Zero-IF Receivers
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Abstract—The second-order intercept point (IP2) performance
of direct conversion receivers is limited by the second-order
nonlinearity of the mixer. A new technique which is based on
calibrating mixer by injecting a programmable nonlinear current
into the mixer output is introduced in this paper. The proposed
calibration technique can be used in multistandard mixers. A
CMOS mixer demonstrating the performance for Universal Mo-
bile Telecommunication System application and working with
supplies as low as 1 V is designed in a 65-nm technology. The
simulation results show that the mixer ITIP2 is improved more than
25 dB while the mixer current consumption is increased less than
1 mA. The calibration circuit is low noise not to affect the mixer
noise figure.

Index Terms—Calibration, CMOS, mixer, second-order input
intercept point (IIP2), second-order intermodulation (IM2).

I. INTRODUCTION

HE DIRECT conversion receivers are very attractive

because of high integration level, low cost, and simplicity
of baseband circuitry. However, several challenging issues
including second-order intermodulation (IM2) appears in this
kind of receivers. The most dominant source of IM2 in a direct
conversion receiver is the down-conversion mixer [1], [2]. This
is because most of the low-noise amplifier (LNA) contribution
is filtered out by its output narrowband LC resonator and
ac-coupling between LNA and mixer.

Conventionally, balanced circuits with differential inputs and
outputs and symmetric layout are used to minimize the even-
order distortion effects. However any mismatches like nonideal
duty cycle of local oscillator (LO) clocks, gain mismatch be-
tween the two sides of a differential circuit and mismatch in
the load resistance make the differential circuits unbalanced and
generate even-order distortion terms. Therefore, to meet the re-
quired second-order input intercept point (IIP2) performance,
especially for cellular phone applications, using some on-chip
calibration circuits [3], [4] or analog techniques [5], [6] is neces-
sary. The analog techniques contrary to the calibration circuits
are sensitive to temperature and voltage variations. Moreover,
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Fig. 1. Block diagram of the IIP2 calibration technique.

they often compromise other parameters of mixer like voltage
headroom [5] or they work only in specific applications [6].

On the other hand, migration to the sub-scaled CMOS tech-
nologies forces the circuits to work with low-voltage supplies
[7]. Additionally, a strong interest towards solutions work in
multistandard mobile terminals has been created by the evolu-
tion of wireless communication.

In this paper, a new low-voltage calibration technique
for attenuating IM2 components in the multistandard mixer
is presented. The performance of this calibration circuit is
demonstrated in a high ITP2 mixer supporting Universal Mobile
Telecommunication System (UMTS) standard.

The paper is organized as follows. The IIP2 calibration tech-
nique and its circuit implementation are discussed in Section II.
The designed mixer is presented in Section III. The simulation
results are discussed in Section IV which is followed by conclu-
sion.

II. IIP2 CALIBRATION TECHNIQUE

A. Second-Order Nonlinearity Sources

Generally, a low-voltage active mixer is made by a stack of
pseudodifferential input stage, switching transistors and load
(Fig. 1). In gigahertz frequencies the IIP2 performance of the
mixer is degraded mainly by the parasitic capacitor of the source
node of the switching transistors (Cp).
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Fig. 2. CM and differential IIP2 of a pseudodifferential transconductor versus
biasing current (W = 120 pm, L = 0.15 pym).

The random mismatch between switching transistors can be
modeled by an offset voltage [5], [8]. The parasitic capacitor Cp
is charged and discharged by this offset voltage in each F'y,¢ pe-
riod in which F o is the frequency of local oscillator (LO). The
low pass behavior of the source node of the switching transistor
causes a nonlinear current, which is modulated by transcon-
ductor intermodulated components, injected to the switching
transistors [8]. This IM2 current is appeared at the mixer output
after down-converting by the switching transistors.

Moreover, in a perfectly tuned switching stage, the IIP2 of
the mixer is usually lower than the cellular phone requirement,
because of the large common mode IM2 (IM2¢y;) current gen-
erated in the pseudodifferential transconductor. As it is shown in
the following equation, this CM current (Im2,cm ) is converted
to differential products by the LO switching pairs asymmetry
and load mismatch and is added to the other differential IM2
current [the first term of (1)] and appeared in the output IM2
current of the mixer (I1y2,out)

2
2 272 2 9R 2
Tivig 0wt = L7 Iinig, ai + <L + (R—L) ) Iz (D)
in which It gir, 21, or, and L are the differential IM2
current generated in the transconductor, the mixer output re-
sistance, standard deviation of output load, and low-frequency
leakage of the switching transistors, respectively.

B. Proposed Calibration Technique

The IM2¢\ current, generated in the pseudodifferential input
stage, is proportional to the g5 i.e., the second-order coefficient
of the MOS I-V characteristic [8]

Iniz,cm X %2 2

The IM24;¢ current of pseudodifferential transconductor is
mainly due to the variation in the threshold voltage as below [8]

392

(Ve — Vi) VTH)UVTH 3)
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in which Vg, Vru, and oy, show the gate—source voltage,
threshold voltage and the standard deviation of Vry, respec-
tively.
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Fig. 3. Proposed calibrated mixer.
By using (2) and (3)
I die 30Viy @)
Inio,com 2(Vgs — Virm)

By assuming Vgs — Vg = 100 mV and oy, = 2 mV, this
ratio is 0.03.

The CM and differential IIP2 of a pseudodifferential
transconductor versus biasing current is shown in Fig. 2. Since,
IIP2 is reversely proportional with IM2 current, it can be
concluded that in this transconductor, the IM2cy; current is
more powerful than IM24;g current by more than one order of
magnitude. This can be written as below

Iz aiee \ 2
(M) —lel 5)
Inviz,cm

Moreover, considering a pessimistic value for L and o i such
as —40 dB in (1), it can be found that IM24;¢ current at mixer
output is much lower than IM24;g current at transconductor
output. Therefore, a good idea for canceling differential IM2
current at the mixer output is converting the IM2¢y current of
transconductor to the differential part and then injecting it to
the mixer output after attenuation. As the proposed calibration
system is shown in Fig. 1, an IM2 generator block senses the
input RF blockers, generates the IM2¢y; current and converts
it to the required differential IM2 components which is con-
trolled by a programmable operational transconductance am-
plifier (OTA) and is injected to the mixer output. Referring to
Fig. 3, the IM2 generator is made by M3 and M4 transistors
which are in parallel with mixer input transistors (M1, M2).
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The analytical analysis of the proposed calibration technique
is as below.

Referring to (1), the relationship between differential IM2
current at the uncalibrated mixer output (J1v2,out) With IM2¢yg
current generated in the mixer input stage can be simplified as
below by considering (5)

2

g
Itvz,out = IIM2,CM\/L2(1 +a?)+ 2. (6)

Ry

For the CMOS transistors in the strong inversion region the

g2 is
2 qgm 2
2= T\ 1+ Ovog

where V,q and 6 are overdrive voltage and fitting parameter for
mobility, respectively [9].

Since transistor M3 and M1 are in parallel in the input but
with different biasing and sizing, by using (2) and (7) it can
be found that the IM2¢cy; current generated in M3 transistor is
proportional to that of M1 transistor. This is shown as below

(N

®)

Inve,cmv3 = Blvz,cm M-

Suppose that IM2¢y; current of M3 and M4 transistors is
converted to differential and is injected to the mixer output

©))

Itvz,inj = —(gmcal - ) Iivz,oM, M3

in which Itvi2,inj is the injected current and other terms show
the CM to differential conversion gain. The gmcs is the OTA
transconductance and r shows the desired mismatch between
load resistance of M3 and M4 transistors.

Considering (6) and (9), the IM24;¢ current in the output of
the calibrated mixer (Imv2,out,Cal) 18

Iz out,cal = Itv2,cm

2
X <\/L2(1 +a?) + 2—? — B gmcar - 7’) - (10

L

Therefore, it can be concluded that the IM2 cancellation in
the output of the mixer can happen if the following condition is

met:
Jraran+ (z)
g-r '

Y

gmcal =

C. Circuit Implementation

The proposed calibration technique is implemented as it is
shown in Fig. 3. The required IM2¢); current, generated by an
IM2 generator, is converted to differential by the desired mis-
match between the load resistors of IM2 generator. The output
of the IM2 generator is connected to a highly linear OTA stage.
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Fig. 4. Two-stage amplifier used in the input of OTA.

Since resistors are more linear than MOS transistors biased
in the triode region, a resistor is chosen as the voltage to cur-
rent converter in the OTA. This resistor determines the value of
transconductance of the OTA as below

1
gme = ——.

R, (12)

To achieve programmability in the OTA, this resistor is im-
plemented by a fixed resistor (R.) shunted with some switched
resistors controlled by a six-bit control word (by — bj). These
control bits provide enough margins to fix PVT variations.

To avoid the nonlinearity of the OTA input transistors two
opamps, which are two-stage Miller compensated amplifiers,
are employed as it is shown in Figs. 3 and 4.

The bandwidth of the calibration circuit is dominated by the
input stage of the OTA. The gain—bandwidth (GBW) of the OTA
input stage is higher than 10 MHz because of using opamp with
about 20-MHz GBW in a unity gain feedback. The second pole
of the loop is in the source node of M5 transistor which is very
far from the first pole.

To cancel the all IM2 components in the signal channel, the
calibration circuit bandwidth should be higher than half of the
signal bandwidth in a zero intermediate frequency (IF) receiver.
Therefore; the proposed calibration circuit can works for high
channel bandwidth applications like UMTS and IEEE802.11
with about 4- and 20-MHz channel bandwidth as well as Global
System for Mobile Communications (GSM) with 200 kHz.

The minimum supply voltage of the proposed circuit is equal
to Vg + 3Vo4, in which Vg is the threshold voltage of nMOS
Transistors. This minimum voltage is less than 1 V when Vg
is less than 0.5 V and V4 is considered 150 mV.

The temperature variation is an issue for all calibration cir-
cuits. A general solution for this kind of variations is based on
sensing the temperature effect in the calibration circuit and ad-
justing the proper calibration code by considering the tempera-
ture variation effect. This adjustment is done in [4] by varying
the temperature coefficient of the resistors. Since a LMS feed-
back algorithm in which the calibration is updated periodically
should be employed to adjust the calibration [3], therefore, the
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temperature and other low speed variations can be compensated
if the calibration code setting is updated every few seconds.

D. Noise in the Calibrated Mixer

The main problem of the differential calibration is the flicker
and thermal noises of the calibration circuit which are injected
directly to the mixer output. Moreover, in cellular phone appli-
cations and especially GSM there is tough requirement on the
noise performance which is mainly degraded by flicker noise of
the mixer. Therefore, the noise of the calibration circuit should
be highly lower than mixer noise in order not to degrade the
mixer noise figure (NF).

Considering the thermal noise, the noise of calibration circuit
seen in the output of the mixer is

. R .0 2
U car 8K | 4gms g+ po 4 7gmms + o P R2
¢ c

(13)
in which, the terms from the first to the last are the noise of M3
transistor, R¢ resistor, M5 transistor and opamp, respectively.
Moreover, +y is the channel noise factor which is 2/3 for long
channel MOS transistors. The noise of resistor R (the load of
M3 and M4 transistors) can be neglected because

R < Re. (14)
Moreover, the thermal noise of R¢ is also reduced by
choosing R¢ highly larger than Ry,

RZ > Rj. (15)

Increasing R¢ leads to lower CM to differential conversion
gain in IM2 generator and OTA which is equal to 7/ R¢. How-
ever this can be compensated by increasing r.

By using (13)—(15), it can be shown that the M5 transistor
has the main contribution in the thermal noise of calibrating
circuitry.

The thermal noise of the uncalibrated mixer which mainly is
dominated by input transistors is [10]

Up mix = SKT <RLL + ygmi + 7%%) Ry (16)
in which A is the LO amplitude and I is the bias current of input
transistors.

Therefore, considering main noise sources in (13) and (16),
the thermal noise in calibrating circuitry is negligible comparing
to uncalibrated mixer, if the following equation is met:

gms K gma a7
which it can easily be satisfied because, firstly the bias current of
M35 transistor is much lower than that of the input RF transistors
and secondly the channel length of M5 transistor is highly larger
than the channel length of M1 transistor which acts as a RF

transistor and its size is limited due to low requirement in input
capacitive load of the mixer.

Regarding the flicker noise, the noise of the calibration circuit
seen at the mixer output is as below

2 2 o R? 2 2 v Or 2

v ~2|v ma—s + V. ar=gm ~P | R

n2,Cal n,M39 RZ, + U, 59 + 22 L
(18)

in which, the main flicker noise contributors including M3 tran-
sistor, M5 transistor and opamp (v2 575, V2 1r5,V2 ¢,) are con-
sidered.

The flicker noise of M3 transistor is reduced by lowering the
biasing current and using non minimum size channel length,
while in M5 and opamp it is achieved by lowering bias currents
and increasing the area of transistors. By this strategy, the low
noise performance in opamp can be achieved without affecting
the gain and bandwidth requirements.

III. PROPOSED MIXER

A mixer, enhanced by the proposed cancellation technique,
for UMTS applications is designed as it is shown in Fig. 3. The
M1 and M2 transistors, sized by 120pm/0.15um, are biased by
2 mA. The size of M3 and M4 transistors (input stage of IM2
generator) is chosen 10m/0.15m which is lower than the size
of M1 and M2 transistors in order to achieve less noise and
capacitive load, as it was mentioned. M3 and M4 transistors
are biased each by 0.15 mA and connected to 100- and 200-2
resistors. The OTA resistor R¢ is chosen 2 kS2. The OTA input
stage transistor is biased by 0.3 mA and is sized as 160 pm/1 pm.

The switching transistors are derived by a local oscillator
with 5-dBm power and are sized by 400pxm/0.24um in order
to achieve the optimum flicker noise and IIP2 performance.

Two pMOS transistors (Mp) with long channels are respon-
sible for providing biasing current in the mixer output. Two RL
resistors are also shunted with Mp transistors for reduction of
their bias current and achieving lower voltage headroom. The
common-mode (CM) and differential filtering in IF is done by
CLC and CLD capacitors. A CM feedback (FB) loop made by
a single-stage amplifier is employed to set the dc output voltage
of the mixer.

IV. SIMULATION RESULTS

The design was done in a 65-nm CMOS technology with 1-V
supply. The ITP2 simulation is done by applying the worst case
mismatches, equal to 3 times of the standard deviation mismatch
(o), to all transistors [5], [8]. These mismatches are calculated
based on the process information and are verified by Monte
Carlo simulations.

The IIP2 simulation is done by two-tone test at 1.98 GHz
with different spacing less than 10 MHz which emulates the
TX leakage as the main blocker while the LO frequency is 2.11
GHz. The Monte Carlo simulation of the calibrated and uncali-
brated mixer is depicted in Fig. 5. It shows that the IIP2 of the
proposed mixer is higher than 80 dBm which is higher than the
cellular phones requirement (75 dBm), while in the conventional
mixer it is between 55 and 75 dBm. Moreover it shows that the
mixer achieves more than 25 dB improvement in I1P2.
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Fig. 5. (a) Result of Monte Carlo analysis of the enhanced mixer. (b) Rresult
of Monte Carlo analysis of the conventional mixer.

The input-referred noise which is in band-averaged noise (10
kHz-1.92 MHz) is less than 3.8 nV/sqrt(Hz). The mixer NF
performance in both calibrated and uncalibrated modes is shown
in Fig. 6.

The third-order nonlinearity is simulated with the transmitter
signal leakage inter-modulating with a blocker which is 67.5
MHz away from the receive band. The mixer IIP3, conversion
gain and power consumption are 7 dBm, 12 dB, and 6 mW,
respectively.

V. CONCLUSION

A new IIP2 calibration technique for zero-IF mixers is pre-
sented. The technique is based on injecting a nonlinear current to
the mixer output. This current is made in an IM2 generator and is
controlled by an OTA. Making use of this technique more than
25-dB improvement in the mixer IIP2 is achieved. The mixer
meets the tough cellular phone IIP2 requirement. The calibra-
tion circuit is designed to be low noise in order not to degrade
the mixer NF. The design works with supplies as low as 1 V
and has enough bandwidth for high channel bandwidth appli-
cations like UMTS and IEEE802.11 as well as GSM; therefore
it is a good candidate for high IIP2 multistandard mixers. The
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Fig. 6. NF in calibrated and uncalibrated mixers.

linearity performance of this mixer goes toward the demand of
fully integrated, hardware shared universal mobile terminal.
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