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Abstract—This paper reviews the major contributions proposed
in literature for implementing multi-band low noise amplifiers in
CMOS technology. Concurrent, switched and switched
concurrent low noise amplifiers are investigated. Advantages and
drawbacks are also discussed. The article tries to offer good
insights on the implementation of multi-band low noise
amplifiers.
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1. INTRODUCTION

The increasing number of wireless standards which a
mobile terminal must cover pushes more and more pressure on
the RF Front-end and LNA in particular. Being the first active
functional block on the RF path, the LNA must be able to
increase the input signal power with the smallest noise as
possible. Many design methodologies were proposed in the
literature in order to fulfill the novel constraints in terms of
chip area, power consumption and spectrum efficiency.
Currently, the mobile terminals existent on the market use a
bank of single band LNAs in order to cover multiple bands, as
shown in Fig. 1 [1].
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Figure 1. Fujitsu MB86L10A 2G/3G/LTE multimode multi-band
transceiver.

Such LNAs are narrow-band amplifiers, designed for a
single frequency band/particular telecommunication standard
and usually implemented with CS (common source) stages.
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One amplifier only is selected according to the instantaneous
operational band, hence the equivalent name of switched LNAs.
If wideband applications are envisaged (such as UWB), several
narrow-band LNAs can be cascaded, a wideband amplifier
being obtained in this case [2, 3]. However, this does not
necessarily mean that the MOS transistor is limited to narrow-
band applications. In fact, the transistor transconductance is
inherently wideband, usually passive resonant circuits being
used to shape its frequency response, such stage being able to
provide gain and matching at other frequencies with no penalty
from the perspective of power consumption.

The multi-band LNAs can be classified into three classes:
concurrent LNAs (dual and triple band), switched LNAs (dual,
triple and quad-band) and switched concurrent or pseudo-
concurrent LNAs (dual and quad-band). Concurrent LNAs are
amplifiers capable of simultaneous operation (with narrow-
band gain and matching) at several frequency bands, usually
two or three (as proposed in the literature), while maintaining
minimum low noise figure and high linearity. Using such
amplifiers imposes some major changes of the receiver
architecture such as using multi-band antennas and RF SAW
filters respectively. Although the frequency planning must be
changed too, it is obvious that the receiver gains in terms of
chip area (higher integration) and power consumption (by
current reuse structure) when using multi-band LNA.

Any multi-band LNA, concurrent or switched amplifier,
can be split into three stages: the amplifier, input and output
matching networks/stages. Each stage is discussed in the
followings sections. As it will be noticed, passive networks are
used to match all multi-band amplifiers at the input and output.

II. THE AMPLIFIER

The common source stage (CS) is mostly used to
implement single band LNAs since it offers minimum noise
figure. In addition, cascode stages may be used to provide
wideband transconductance, high gain, good reverse isolation
(hence good stability) and low noise figure. Dual- and triple-
band LNAs are no exception, all architectures proposed in the
literature making use of the cascode stage with inductive
degeneration (Fig. 2a). The source inductor allows for easier
biasing and narrowband input impedance matching, with the
price of larger chip area (L, implemented on-chip) and smaller
gain (gn=1/2m¢L; at the resonant frequency). This is the
reason why L is chosen as small as possible, even much
smaller than the supplementary gate inductance. A single-band



CS LNA is simply matched by adding a supplementary gate
inductance L, as matching network (MN), narrow impedance
matching being implemented at the frequency of interest in
this case (Fig. 2b). The input impedance has a form as
expressed by (1), the real part being tuned to 50Q at the
frequency of interest (of resonance). L, is implemented on-
chip, in some cases a bonding wire being used instead.
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Figure 2. Cascode stage with inductive degeneration.

Z,(s)=s(L, +LS)+%+gg—LS (1)
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Related to the amplifier stage, two methods can be used to
design switched multi-band LNAs, either implementing two or
more identical stages (covering different frequencies) on the
same chip, each one being selected according to the frequency
plan, or implementing the input CS transistor M; as two or
more transistor with different sizes and connected in parallel,

so that only one is chosen according to the frequency plan.

III. INPUT MATCHING NETWORK

A. Concurrent LNAs

In order to work at two or three distinct frequencies, the
LNA must be firstly matched at the frequencies of interest. If a
single band LNA is simply matched by inserting a gate
inductance, as discussed above, simultanecous matching a LNA
at two frequencies of interest is not so simple. Yet, different
techniques were proposed during the last decade to overcome
this problem. To understand these artifices related in fact to the
passive networks only, it is sufficient to start with Z;,, as
expressed by (1). Thus, being equivalent to a real series LC
network (due to the resistive part), this matching network
behaves as a 'short-circuit' around the frequency of interest,
letting the frequencies of interest to pass to the LNA while
attenuating other frequencies. In fact, this is also the essence of
this (basic and widely used) impedance matching technique.

The multi-band matching techniques envisage the
manipulation of the LNA transfer function or MN impedance
in such manner that supplementary transmission zeros are
inserted. The basic dual-band matching network consists of a
parallel LC network in series with L, (a LLC MN), as shown in
Fig. 3a [4, 5]. Originally proposed for 2.45/5.25 GHz bands,
this technique was also used to implement multi-band LNAs

designed for other frequency pairs such as 1.8/5.8 GHz [6],
0.9/2.14 GHz [7], 0.9/2.4 GHz [8], 2.4/5.2 GHz [9, 10] and
2.6/5.2 GHz [11]. Since the parallel LC network is 'open' at its
resonant frequency, it inserts a pole into the transfer function,
splitting the single-band matching into dual-band input
matching. The LLC network together with transistor input
impedance constitutes a 'shunt' and 'open' in series, which can
be set in such manner that the circuit is dual-band matched. Z;,
has in this case the following value:

Z,(s)=s(L, +Lg)+ ! + 8umLs SZLI
SCgS ng 1-s5°L,C,

Since the imaginary part has two possible solutions when
zeroed, therefore Z;,(s) being real at these two frequencies, the
amplifier is fully matched, being dual-band. Thus, the parallel
LC network resonates with Cy and L, at two frequencies set by
all four parameters (e.g. @,=f(Ly, Cys, L1, C;) and w,=f(L,, Cys,
L, C))). It is obvious that by changing different parameters,
such as Ly, L; and C, (inserting a supplementary capacitor
between gate and source as proposed in [10, 11]), a large
number of multi-band LNA topologies covering different
frequency pairs can be generated.

Another type of LLC MN reported in [12] is shown in Fig.
3b. Such LLC network tunes out the gate capacitance at two
frequencies, 2.45/5.25 GHz in this case. A more complex
narrowband LC matching structure, easier to design, has been
reported in [13] for the frequency bands 0.9/1.8 GHz.
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Figure 3. Narrowband MN for dual-band LNAs.

The structures reported above provide narrowband
matching. However, wideband matching networks were also
reported in literature. The simplest structure suitable for CS
LNAs consists of a single parallel LC resonator inserted at the
amplifier input as shown in Fig. 4a [14], the amplifier covering
the 0.9/1.8 GHz bands. The same MN was also used to
implement a triple-band LNA covering the 2.6/3.6/5.5 GHz
[15]. In this case, the bandwidth of interest is selected by the
output resonators. Two more complicated networks used to
implement a triple-band LNA covering the 1.8/2.45/5.25 GHz
[16] and 2.4/3.5/5.2 GHz [17] are shown in Fig. 4b and Fig. 4c
respectively.



Transformers can be also used to implement multi-band
matching but in other technologies, such as GaAs [18] and
SiGe [19].
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Figure 4. MN for triple-band LNAs.

B.  Switched LNAs

Such amplifiers have the capability of tuning their
frequency band mainly by changing the value of passive
elements (capacitances - Fig. 5a or inductances - Fig. 5b), by
means of a PMOS/NMOS active switch. As proposed in
literature, these amplifiers usually cover two, three or even four
distinct frequency bands. Owing to their low r,, and larger
gain, NMOS transistors functioning at the linear region are
preferred. As it can be seen in Fig. 1, RF switches are widely
used in RF Front-ends. However, using active switches
together with LNAs comes with several drawbacks such as
nonlinearity, noise and parasitic resistance.
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Figure 5. Variable capacitor (a) and inductance (b).

The variable capacitor shown in Fig. 5a can be used to
change the gate to source capacitance value C,,, by inserting
this network between transistor gate and source, as reported in
[20]. The LNA covers in this case the EDGE/Bluetooth bands.
The same tuning scheme has been used to implement LNAs
covering the bands 1.8/2.14 GHz (CDMA/WCDMA) [21] and
1.8/2.4 GHz [22, 23]. Tuning inductors (Fig. 5b) was proposed
for changing L, value in case of a quad band LNA covering the
1.9/2.4/3.5/5.2 GHz (GSM/LTE/WiMAX/WLAN) bands [24].

There is also the possibility of simultaneous tuning of L,
and C,,, both switches shown above being used. This is the
case of several dual-band LNAs proposed in literature,

covering the bands 2.4/5.2 GHz [25, 26] and 0.9/1.95 GHz
[27], and even triple-band LNA covering 0.9/2.4/5.2 GHz [28].

C. Pseudo-concurrent LNAs

Pseudo-concurrent LNAs are concurrent amplifiers which,
when set, are able to cover either a set of frequencies (two or
three) or another set of frequencies (two or three). The key
element of such LNA is the input matching network that must
provide concurrent match for at least 3 frequencies. Such
example of matching network was reported in [29], providing
matching at 4 frequencies (Fig. 6a). Another matching network
implemented with two L, switched inductors and two Cg
switched capacitors was used in [30] to implement a quad-band
concurrent LNA, covering the bands 0.9/1.8 GHz and 0.9/2.4
GHz respectively. An interesting MN (Fig. 6b) was used in
[31] to design a switchable single/double band LNA (3.5 GHz
&& 2.4/5.2 GHz). In this case, L;-C; implement a low-pass
filter and L,-C,, a high-pass filter, all together being a bandpass
filter. The band of 3.5 GHz is covered by inserting a switched
capacitor C, that cuts the higher frequencies, since it has a
lower impedance than the bandpass filter at higher frequencies.
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Figure 6. MN for quad-band concurrent LNA (a) and MN for single/double
band LNA (b).

D.  Multi-band LNA with continuous tuning

An innovative method of implementing a tuned multi-band
CS LNA consists in tuning the gate inductance L,. Studying
(1), it is obvious that L sets the resonant frequency while L
and Cg set the real part of Z;,. This signifies that changing L,
will tune the LNA band only, fact exploited in [32], where a
floating active inductor is used to implement L, (Fig. 7). RFC
is an external shock inductor and C. is a decoupling capacitor.
The amplifier has a tuning range of 1.9-2.4 GHz, careful design
must be applied since the active inductor inserts supplementary
noise.
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Figure 7. MN with active floating inductor.



IV. OUTPUT STAGES

Even though the input and output of a stand-alone LNA
must be matched for maximum power transfer, the output of an
integrated LNA does not necessarily have to be matched since
it usually drives the capacitive input of a down-conversion
mixer. This is the reason why, the output stage/load only of a
LNA is taken into consideration in this paper. According to
theory, a LNA consists of a transconductance stage -used to
translate the input voltage to output current- and a load to
translate the output current to output voltage. Since the
effective voltage gain is dependent on the output impedance
value Z;, different loads can be used for LNAs in order to
achieve higher gains, such as resistors, inductors and
resonators. RF choke inductors [6, 15, 18, 22, 24-26] are an
attractive choice since their impedance increases with
frequency while biasing the transistor, thus being a good
solution for GHz applications. However, careful design must
be applied since large Z; generates large voltage swing at the
transistor drain which can reduce the transistor voltage
headroom, therefore moving the static point to linear region
when strong signals are applied to the input. In this case, the
function of the LNA is compromised. This problem becomes
more stringent in the case of LC parallel resonators (Fig. 8a)
which offer less headroom than the simple inductors. However,
inserting a parallel resistance increases the bandwidth and
headroom while decreasing the quality factor and gain. In the
same time, series LC resonators have been proposed as
alternatives, choke inductors or even parallel LC network still
being used for biasing purposes [12]. Contrary to the parallel
case, the series resonator generates low drain voltage swing at
resonance, most of the AC drain current flowing through the
resonator, therefore the Miller effect being completely avoided.
Such load favors lower DC biasing voltage, making the LNA
suitable for low power applications and improving the
transistor linearity with the price of lower gain. The series
branch is very useful for multi-band applications, most dual-
band architectures using series LC branches at the output.

There are two ways of interconnecting the LC series
network, the transfer function being affected differently in each
case. The first case consists of inserting the LC resonator
between transistor drain and the biasing source (Vpp). Since
the path is 'short' at resonance, such topology is used to create a
zero in the gain transfer function of the LNA, therefore
inserting a notch in the gain characteristic. This is very helpful
for dual-band LNAs, where the notch frequency is chosen
between the frequencies of interest, thus the image rejection
being greatly enhanced. The second method is to use a series
branch as load while taking the output voltage from the
capacitor, as reported in [12] and shown in Fig. 8b. In this case,
two series branches are connected to the output, each one
allowing the frequency of interest to pass only. This method is
attractive since using multiple series branches has no
significant effect on the headroom voltage. Even in this case, a
choke inductor must be used to bias the LNA. However, as
reported in literature [4, 5, 7-11, 13, 16, 23, 29-31], a multi-
resonant load consisting of a series LC branch in parallel with a
parallel LC resonator is preferably (Fig. 8c). Such pair offers
three frequencies at which the imaginary part of Z; is zero, one
at the notch frequency (set by the series branch only) and other
two frequencies that can be set as the frequencies of interest

and whose value is set by all four passive elements [7, 10].
Thus, the circuit can be matched at the output while achieving
multi-band gain characteristic. This topology suits best the
concurrent multi-band configurations, a simple inductor load
being sufficient for switched amplifiers [25, 26, 29], switched
inductors being also used as load [27, 28, 31].
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Figure 8. Implementations of LNAs with series and parallel LC resonators.

CONCLUSIONS

Three major classes of multi-band low noise amplifiers
implemented in CMOS technology were reviewed in this
paper. An important conclusion that can be drawn after
studying all these topologies is that passive devices constitute a
key element for achieving the lowest noise figure, offering in
the same time extra freedom degrees for the LNA design and
frequency planning scheme. In addition, careful design must be
applied to the output stage in order to avoid problems such as
nonlinearity and instability, each version offering not only
advantages but also drawbacks.
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