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Abstract: In this paper, a new linearization technique for
differential low noise amplifiers (LNAs) is introduced. It
removes the common-mode current at all frequencies. One of its
main advantages is that it allows the receiver to have a single-
ended input and a differential output LNA which attenuates
even-order inter-modulations. Also, this technique improves the
LNA linearity in three ways. Firstly, it removes the common-
mode current of all inter-modulations. Secondly, it attenuates
even-order inter-modulations because of its balun circuitry
operation. Finally, it improves the third input intercept point
(IIP3) due to the possibility of different bias currents for input
transistors. Simulation results using a 0.18um RF-CMOS
technology with HSPICE-RF show that the IIP3 improves about
13 dBm at the expense of increasing the noise figure about 0.7
dB in constant voltage gain and equal DC-power respected to
the conventional differential LNA.

Keywords: LNA, inter-modulation, IM2, IM3, IIP2,
IIP3, transconductance.

1. Introduction

Due to the growth of personal communication devices
over the last few years, the design of high performance
RF integrated circuits and systems has become more
important. During the last years, the development of
wireless communication systems and the extension of the
usage of wireless devices make the frequency band very
noisy and the interference of each band increases due to
congestion of the frequency band. So, designers are
forced to use more sensitive and highly linear
transceivers. In this situation, equipments which work
under the same communication standard may suffer from
the interference from each other. For example, in the
IEEE 802.11 b/g standard, which is for implementing
wireless local area network (WLAN) in the 2.4 GHz
frequency band, equipment may suffer the interference
from microwave ovens, cordless phones and Bluetooth
devices. Each IEEE 802.11 b and g has a maximum raw
data rate of 11 Mbit/s and 54 Mbit/s over a 20 MHz
bandwidth and is very suitable for high speed
communication applications.
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Since the low noise amplifier (LNA) is the first block
of the receiver chain, it must be designed with low noise
and high linearity so as to increase the sensitivity and
linearity of the receiver. There are several linearization
methods for LNAs to attenuate the most important
nonlinearity components of MOSFETs such as g, and g
[1].

Differential circuits are common in wireless
applications as they can reduce the even-order distortion
and the susceptibility to the common-mode (CM) noise
[2]. So, differential LNAs are more linear than the single-
ended ones and have robust outputs against the process
variations. The main concern in this type of LNAs is the
need for a balun to provide the differential input signal
form the antenna. Passive baluns (also known as
transformers) are lossy, bulky and very noisy resulting in
a higher noise figure (NF) in the receiver [3].

In this paper, a differential LNA with a balun circuitry
and a new technique to enhance the linearity by removing
the CM current and attenuating the output second and
third order inter-modulation components (IM2 and IM3)
is proposed.

The paper is organized as follows. Section 2 describes
the proposed LNA structure and technique, and provides
the noise and linearity analysis. Simulation results of the
proposed LNA using a 0.18 pm CMOS process are
reported in Sect. 3. Finally, Sect. 4 presents the
conclusions.

2. Proposed LNA Structure

For any differential-pair LNA such as the one shown in
Fig. 1(a), the drain currents /; and I, in the left and right
branches can be written as [3]:

Iy =1cy +1pyr (D
Iy =Iey —1pyr (@)

where Iy is the common-mode current and Ip;; is the

differential-mode current in a differential-pair amplifier.
The idea in this paper is to design an LNA to remove

Iy at all frequencies except for DC. As is seen in Fig.



1(b), another differential pair is utilized besides of the
primary diff pair. Its drain currents like Equation (1) can
be decomposed into /¢y, and Ipy If the vgs of M3 and My
are chosen equal to the -vgg of M; and M, transistors,
respectively, according to the current equation in
MOSFET transistors we have:

Tevr=~Ieyas Lo =Ieus 3)
Toig1 =Ipigras Loyra =Ipirs 4)
Lot :21[);‘/’/ (5)
Lows— =2 pygy (6)

It is seen that in the output current of the proposed
LNA, I¢), is removed. This has some advantages in LNA
design that it will be clarified in the later discussion.

2.1 Balun circuitry

Because the LNA is the first block in an RF receiver
and its input signal comes most often from the antenna, it
has to be a single-ended input or we need to use a bulky
and noisy balun to convert the single-ended input to a
differential one. By removing the CM current in the
fundamental frequency of the introduced circuit, the need
for a balun is eliminated making possible the use of a
differential LNA structure for a single-ended input
coming from the antenna.
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Fig. 1: (a) Conventional differential LNA and (b) proposed LNA

2.2 Inter-modulation attenuation

Different orders of current inter-modulations of the
proposed LNA circuit shown in Fig. 1(b) can be
decomposed into the CM and Diff currents. For all of

them, the CM current is removed and so the linearity is
improved. For the second-order inter-modulation (IM2),
the CM part of the IM2 is the dominant part [4], so this
circuit has a very good linearity performance in wide-
band applications. Because the IM3 is often the largest
in-band inter-modulation, removing its CM part has more
effect on the LNA linearity performance. In this circuit,
the IM3 component is attenuated in two ways. Firstly, the
CM part of the current is removed. Secondly, since the
coefficient of the third-order nonlinearity is the second-
order derivative of the device transconductance, g, of the
transistors which is derived from the Taylor expansion as

[5]:

gm 2 g_m 3
Y vgx + » ng +... (7)

lds :IDC +gmvgs +

Plot of the g”,,, with respect to the vgs shows that at
some values of vgg, the g”,,, is negative and at some values
of vggs it is positive. So, by biasing M, , which is the input
pair and Mg, o> and also M3 4 at different biasing voltages
makes the IM3 component to be attenuated since their
output current is summed and the g”,,, becomes small.
This improves the IIP3 [6]. Thus, at an optimum bias
point of M, 5, Mg1 o> and M3, the g”,,, can be canceled at
the output current, and hence, the linearity is improved.

2.3 Input matching

The LNA performance is characterized by gain, NF,
power consumption, reverse isolation, stability, linearity,
and input impedance matching relative to the 50 € source
impedance. In both proposed and conventional
differential LNAs, the input stage has the common-source
topology. Therefore, to achieve the input impedance
matching relative to the 50 Q, the typical inductive
source degeneration topology [7] as shown in Fig. 2 is
used in both circuits. Due to the inductive input
impedance of the proposed LNA, the T input matching
network is proposed as shown in Fig. 3. Equations (8),
(9), and (10) describe the input impedance (Z;,(s)) seen
from the gate of the input transistor for the conventional
and proposed LNAs, respectively. An inductor Ly is used
in series with Rg to set the resonance frequency at 2.4
GHz in the conventional LNA. For simplicity, all other
parasitics and the body effect are ignored.
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Fig. 2: Typical inductive source degeneration topology
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Fig. 3: T input matching network used in the proposed LNA

2.4 Gain comparison

By assuming i,4 and i, to be the small-signal
currents of M4, Mg in Fig. 1(b), the small-signal
output current is obtained as:

Loy =1 —i

out out + out — (1 1)
=(i, +i; +iq2)—(i1 +iy, +iq1) =2g,Vin
Em =gml+gm4+gmql (12)
where g,14, &ug2 are transconductance of the M,

Mg, transistors, respectively.

In comparison with the conventional differential LNA
where its small-signal output current is I, =2g,V;, , it
is seen that the overall form of current does not change.

2.5 Noise analysis

This part is considered to estimate the added noise in
the designed new circuit compared with conventional
differential LNAs.

To estimate the added noise, firstly, it should be
noticed that at the output of the LNA, the thermal noise is
only important and so the flicker noise (1/f noise) is
neglected. After that, in the proposed LNA, the tail
current, compared with conventional differential LNA, is
divided into three branches. The thermal noise of a
transistor is proportional to its g, which changes with
square root of the drain current. So, it affects the output
current noise. Also, for Mg_44 as it is seen in Fig. 4, their
noise is transferred to the output from the path of M;_4.

(b)

Fig. 4: Proposed schematic for calculating: (a) Mg,'s noise and (b) Mg4's
noise

To calculate the added noise in Fig. 1(b), the noise of
Mg, and Mg; are calculated like those of Mg, and Mgy, so
just the noise calculation of My, and My, are considered
here. To calculate the noise of My, consider Fig. 4(a).
Here is the noise effect of My, on the output current of
the input transistors:

i =i

out out+ lout—

=g, (v, —v, )= =22 (13)

gmq4

where g, is the transconductance of Mj.

According to Fig. 4(b), it is seen that all noise current
of My, will pass through itself because 1/g,,04<<74sq2, and
it has no effect on the output noise.

In equations (13), i,” is the thermal noise power of
M. It is concluded that:

Em3 .
(520" = (
gmq4

2
83 V2 4kTyg,,, = S akTy
gmq4 mq4

(14)

From the above equation, it can be concluded that if
Zmga = &m3, then the noise effect of M, is equal to that of
M;. So, the noise effect of Mq;.4 is equal to double the
output noise of the quasi differential pair or multiply the
output noise of the input transistors by 1.5. It means that
at the worst case the g,, of M4 and Mg;.q4 are equal, and
the output noise can be increased up to 1.7 dB.

The thermal noise of Mj, transistors appears at the
output like that of the conventional differential LNA.

3. Simulation Results

The proposed technique was applied to a conventional
differential LNA as shown in Fig. I(b) and it was
simulated by HSPICE-RF and the results are compared
with those of the conventional differential LNA shown in
Fig. 1(a). To calculate the IIP3, different levels of RF
input signal are applied to the circuit and the fundamental
frequency and the third-order inter-modulation
component are plotted at the output as shown in Fig. 5.
Table 1 shows the comparison results. According this
Table, the IIP3 of the proposed LNA has been improved
about 12.9 dBm compared with the conventional
differential LNA.

To have a fair comparison in the linearity, in
conventional differential and proposed LNAs, the gain



and input DC power were kept constant. Also, it is seen
in Fig. 6, the noise figure of the proposed LNA is
increased about 0.7 dB as was foreseen by the theory in
Sect. 2.5. S;; which represents the input impedance
matching relative to the 50 Q is shown in Fig. 7. It is seen
that the proposed LNA has a good input matching.
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Fig. 5: Simulated IIP3 of the proposed LNA

TABLE I: Simulation results comparison.

Conventional diff.
Parameter Proposed LNA LNA
Frequency [GHz] 2.4 2.4
S11 [dB] <-15 <-15
NF [dB] 2.5 1.8
Gain [dB] 17.14 17.2
1IP3 [dBm] -1.1 -14
Power [mW] 11.7 11.7
Technology 180 nm 180 nm
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Fig. 7: Simulated input impedance matching, S,

4. Conclusion

In this paper, a new technique was proposed to remove
the common-mode currents in CMOS LNAs at all
frequencies. By using this technique, the differential LNA
has no need to a bulky and noisy balun. In fact, it
represents a balun circuitry. Another advantage of this
circuit is its higher linearity. This proposed circuit
improves the linearity in three ways. To have a fair
comparison in the linearity operation with the
conventional differential LNAs, the design and
simulations were performed with the equal voltage gain
and dc-power. Simulation results confirm the improved
linearity behaviour at the expense of slightly increased
NF and needing two additional inductors.
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