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AbsTRACT1
We present in this paper the analysis, design and measurement results of a low noise amplifier (LNA)
operating in the ISM band at 2.45 GHz. The circuit topology adopted was based on a current reuse
technique to minimize the power consumption. A prototype was fabricated in a 0.18-µm standard
CMOS technology and the measured power consumption was 1.1mW. The measured input reflection
coefficient was below -10 dB and the reverse isolation was higher than 20 dB. The measured insertion gain and noise figure were 5.6 dB and 4.8 dB respectively, with divergences from the simulated
values of 5 dB and 2 dB, respectively. To explain these discrepancies, we devised an analysis on the
circuit, including sources of uncertainties. Moreover, we characterized a transistor included in the LNA
die, that helped to explain part of the disagreements. After including the uncertainty sources, we were
able to explain a deviation of 3.9 dB in the insertion gain with respect to the simulated result.
Keywords: Low noise amplifier, low power, parameters measurements, circuit with faults, measured
parameters analysis.

I. INTRODUCTION
The oldest reported integrated radio-frequency
(RF) low-noise amplifier (LNA) operating in the UHF
band was conceived in the 80’s [1]. Its authors claimed
that previously reported LNAs did not have low noise
figure (< 3 dB), nor low power consumption (< 150
mW), neither sufficient bandwidth for VHF-UHF applications. In their paper, they described a two-stage
LNA using Gallium-Arsenide field-effect transistors
(GaAs-FET) with channel lengths of 1 µm. The amplifier’s measured noise figure (NF) was lower than 3 dB
and the insertion gain was above 16 dB in a bandwidth
spanning from 9 MHz through 3.9 GHz. The power
consumption reported was 170 mW and it could be as
low as 120 mW if external inductors were used. The
circuit occupied a semiconductor area of 0.96 mm2.
In the middle of the 90’s, the strong demand
for lower power, lower cost, smaller and lighter circuits was driven by the fast growing market of personal wireless communication services [2]. Normally,
these requirements were addressed with bipolar or
32

GaAs technology, however the CMOS technology
was becoming attractive due to its lower cost and
the possibility to come up with full system-on-chip
(SOC) solutions, including digital, mixed-signal and
RF circuits [3]-[4]. One of the early works covering the design of a LNA in CMOS technology is
found in [4]. The circuit was conceived in a 0.5-µm
CMOS standard process to operate at 900 MHz, with
a 15-dB gain and a 2.2-dB noise figure. Its power
consumption was 20 mW and it occupied 0.28 mm2
of silicon area. Thenceforth, the adoption of CMOS
standard processes for designing RF LNA has become a standard. As the transistor’s channel length
has been reduced, we have witnessed the design of
high-performance CMOS low-noise amplifiers with
restrictive specifications, as those presented in [5], [6],
and [7].
An example of high-performance state-of-the-art
CMOS LNA is communicated in [8]. The circuit was
designed in a 90-nm CMOS technology and uses external inductors. Its measured noise figure did not exceed
0.2 dB at frequencies between 800 MHz to 1400 MHz.
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(a) Noisy two port network

(c) Small signal noisy MOS transistor.

(b) Noiseless two-port network

(d) Small signal noiseless transistor.

Figure 1. Noise representation of a two port network transistor in a common source configuration.

Basically, the circuit uses two cascaded transistors, with
the input transistor configured in common-source. In
order to achieve the ultra-low noise characteristic, the
source impedance was increased from the conventional
50 Ω to 85 Ω, and the input inductor was put outside
the chip. A 1-V power supply was employed and the
observed power consumption was 43 mW. In spite of
the elevated power consumption with respect to other
current state-of-the-art designs, the circuit finds many
applications, such as its use in radio astronomy as suggested by the authors.
In addition to the common-source configuration, many topologies can be envisaged to achieve a
particular specification. In [9], the authors proposed
a circuit that uses a differential-input common-gate
topology, reusing the concept of negative feedback
realized by cross coupled capacitors, which are intended to reduce the noise generated by the commongate stage. It also uses a positive feedback done by
common source transistors to increase the obtained
gain. The proposed LNA, realized in a 90-nm CMOS
technology, obtained a 23-dB voltage gain, and the
measured noise figure was between 1.85 dB and 2.35
dB in the range of 100 MHz to 1770 MHz, which could
be smaller than the 2.2 dB as mentioned in [10] considering input matching. The amplifier consumed 2.8
mW and occupied an active area of 0.03 mm2.
In this paper, we report the design and analysis of a
low noise amplifier conceived for applications operating
in the 2.45 GHz ISM band. We chose a circuit topology
based on the current reuse technique for minimizing the
power consumption of a common-source amplifier. The
circuit was prototyped in a 0.18-µm CMOS technology
and it was measured without packaging, using an onJournal of Integrated Circuits and Systems 2013; v.8 / n.1:32-42

wafer probe station. Its measured power consumption
was 1.1 mW. Some of the measured AC figures-of-merit
presented discrepancies beyond the worst-case predictions extracted from simulation, which were identified
as parametric faults [11]. In order to explain them, we
devised a detailed analysis of the circuit including various sources of uncertainties.
After this introduction, the paper is organized as
follows: a review of noise figure is brought in section II.
Next, in section III, usual common-source configurations are presented to introduce the chosen low power
LNA topology. Finally the measured characteristics of
the designed LNA are presented in section IV, which
ends with a discussion of the obtained results.
II. MOs TRANsIsTOR NOIsE FIGURE REVIEW
In this section, we review the classic two-port
noise theory, applied to a MOS transistor configured in
common-source. Although this section is packed with
equations, we try to eliminate possible misunderstandings and lead the reader to a method of noise figure calculation.
Consider a noisy two-port network such as
that illustrated in Fig.1a. In order to calculate its
noise figure, it can be represented by a combination of
a noiseless two-port device and noise sources [12].
These noise sources correspond to the two-port’s
noise referred to its input as shown in Fig. 1b. In the
figure,
and
are the mean square values of
the voltage and current noise sources, respectively,
while i f is the signal current source and Yf = Gf +
jBf is the signal source admittance.
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The noise figure (F) of a circuit can be defined
as the ratio between the total noise power at the device output due to all noise sources internal to the
circuit and the total output power due to the signal
source [13]. It is possible to relate this parameter with
all the noise sources shown in Fig. 1b as:

I, =

(1)

where it is assumed a correlation between e n and i n .
Thus, if the noise current can be d ivided in a part
correlated (icor ) and another non-correlated (iu) with
e n , it is possible to rewrite the noise figure as:

related part with id. In order to proceed with the noise
figure analysis, a correlation coefficient (c) between ig
and id should be used and it is defined as [14]:

,
(9)
where c is an imaginary number.
With the purpose of finding the transistor’s noise
parameters one can proceed by equating Ycor, which can
be rewritten as [12]:

| |

.

(10)

Since:
(2)
(11)

,

Since we can define icor = en Ycor [12], where Ycor is the correlation admittance it is possible to express the noise figure as:
it is possible to equate Ycor as:

,

(3)
(12)

where:

,

(4)

,

(5)

.

(6)

and

The transistor’s noise model used here considers that
the noise produced inside a two-port, as in Fig. 1c, and outside the two-port, as in Fig. 1d, is due to the channel thermal
noise current (id). To calculate the transistor noise figure, the
two-port noise sources (en and in) can be obtained from id and
the induced gate noise current (ig) by shortening and opening the transistor’s input, respectively. Using the small signal
models represented in Figs. 1c and 1d, one can easily find:
(7)

,
and

,

(8)

where we are using that
γ is the transistor’s
excess noise factor, δ is the gate noise coefficient and n is the
MOS transistor’s slope factor [15]. Equation (11) is not commonly found in classic workbooks [16], and it helps to clarify
the origin of the result expressed in (12).
At this point it is possible to find the noise parameters
of the transistor. The Yopt can be found as:
(13)

| |
5

| |

.

The minimum noise figure for instance can be equated as:
| |
5

,

(14)

using that:

.

(15)

With the obtained noise parameters one can find the
noise figure of the MOS transistor using them in the
two port noise figure equation as:

.

(16)

Equations (7) and (8) are partially correlated due to the
nature of ig , which presents a correlated and a non-cor34
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III. CURRENT REUsE LOW POWER LNA
Two common LNA configurations used for
signal amplification are shown in Fig. 2.
In the figure, the numbered resistors are used
for DC biasing, while the numbered inductors resonate with the equivalent capacitance on the node
where they are inserted. In the circuit of Fig. 2a, we
note that the AC current amplification is realized by
M1, while M2 is used mainly to increase the isolation between input and output. On the other hand,
the circuit shown in Fig. 2b amplifies the AC current
twice with current consumption in two DC paths.
The topology of the low power LNA reported in
this paper is presented in Fig. 3a. This circuit is known
as a current reuse LNA [17]. In spite of the same DC
current in both transistors, i1 and iout have different
paths in the schematic. In other words, the circuit in
Fig. 3a has a DC behavior similar to that shown in Fig.
2a, however, the current gain is performed twice, in the
same manner that the circuit of Fig. 2b.
(a) Low power LNA´s schematic

(b) First stage
(a) A cascoded stage

(c) Second stage
(b) Two stages in common source.
Figure 2. Common source configurations for signal amplification.
Journal of Integrated Circuits and Systems 2013; v.8 / n.1:32-42

Figure 3. Schematic and equivalent circuits of the
presented low power LNA.
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A. Circuit Analysis

.
The LNA of Fig. 3a was broken in two circuits
for simplifying the analysis. The input stage, as shown
in Fig. 3b is loaded by a resonant tank formed by
L1, the equivalent capacitance at node x ( Ceq), and
Req representing the losses associated to the reactive
devices.
The second stage is brought in Fig. 3c. The
equivalent circuit is a common-source amplifier with
the input voltage vx being proportional to the voltage
at node x in the main circuit. The drain current of
M2 is given by:

,

(17)
where g m2 is the gate transconductance of M 2 . It is
important to note that we consider the numbered capacitors of Fig 3a as AC short-circuits. Finally, the output resistor (RM) is chosen to match the LNA’s output
impedance with the load.

Since the quality factor of inductors designed in standard CMOS is low (around 10), we can easily show that
Lg plays a major role for the signal-to-noise degradation
contributed by the amplifier. If we take as example the
typical case where the input transistor has a gate-tosource capacitance of around 50 fF and Ls = 1 nH, it
would be necessary an Lg as high as 87 nH to cancel
the input impedance’s imaginary part at 2.4 GHz. Using (18) with Rf = 50 Ω, we obtain that the noise added
by Rf is 5.3 dB. When this inductor is reduced to 5 nH,
the noise figure reduces to 0.6 dB. Hence, in order to
decrease the power consumption by reducing the transistor’s gate width and area, and to realize the input impedance matching with an acceptable value of Lg, we use
the CM capacitor shown in Fig. 3a.
The voltage gain of the circuit brought in Fig.
3a can be calculated by:

Basic Design Equations:

Av

It is possible to start the design of the LNA by
evaluating the input impedance (Zin) of the circuitshown in Fig. 3a and it can be expressed as:
1

,

1

,

4

(20)

where Qin is the input quality factor, and RL is the load
impedance which takes into account the effect of RM.
Also, the output current iout can be related to the input
current iin as:

(18)

which is similar to the one shown in [10]. A series
RLC circuit that can be used to explain the input impedance characteristics, adapted from [18] is brought
in Fig. 4.

(19)

|

||

|

|.

(21)

Hence, the power gain (G) is written as:

.

(22)

The minimum noise figure produced by the LNA can
be estimated using (14) and adding the effect of CM as:
| |
5

.

(23)

B. Low Power LNA Design

Figure 4. Equivalent LNA’s input impedance circuit.

Considering that the losses in the inductor L g
are modeled by a series resistance R g , we can write its
noise figure as:
36

To comply with ISM 2.4 GHz applications, the
main requirements of the LNA were established as: F <
3 dB, G > 10 dB, the power consumption close to 1 mW
and input and output matched to 50 Ω.
It is possible to find a CM value for the minimum
noise figure, considering impedance matching at the input, simply by taking the minimum of (16) and adding
the effect of the noise produced by Lg into account. It is interesting to have an insight of the NF behavior and define
the space of project when this capacitor is used. Hence, we
plotted the NF versus CM in Fig. 5 using typical values1.
It is also seen in this figure the inductance reduction of Lg
if CM is increased.
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IV. REsULTs

Figure 5. LNA’s noise figure behavior with respect to CM at 2.4GHz.

If we consider for design purposes that the conductance between the drain and source of M1 is equal
to 1 mS and the parallel equivalent resistance of L1
is 500 Ω, it is possible to estimate that Req= 333 Ω.
Besides, if a 1-V supply voltage is chosen, the DC
current should be 1 mA to attain the power consumption condition. Considering gm1 = gm2 =15 mS
we find the width of the transistors with a channel
length of 0.18 µm. Assuming that C g s 1 = 50 fF and
using CM = 0.4 pF with LS = 2 nH it is possible to
estimate the power gain from (22) equal to 13.6 dB.
The designed input reflection coefficient is shown
in Fig. 6 as function of the frequency in the range of 1
GHz to 4 GHz. The markers are positioned at 2.4 GHz
and the higher frequencies are above it as expected for
series RLC circuits. It is also possible to note that the
input impedance, in the designed frequency, has a capacitive behavior. This characteristic is desired to minimize the value of Lg and it does not invalidate the input
matching, because the reflection coefficient is inside the
-10dB region as shown in the Smith chart.

Figure 6. LNA’s expected and measured responses.
Journal of Integrated Circuits and Systems 2013; v.8 / n.1:32-42

The micro photography of the designed low
power LNA fabricated in a standard CMOS 0.18 µm
technology can be seen on-test in a microprobe station
in Fig. 7. We decided to do on-chip tests to minimize
parasitic effects of external components, allowing us to
extract only the performance of the fabricated circuit.
The measured power consumption is 1.1 mW which is
the same achieved in simulation. To measure the S-parameters, a VNA (vector network analyzer) is used with
ports 1 and 2 connected to the LNA’s input and output,
respectively. The simulated response, using the Bsim3v3
models provided by the foundry, including the parasitics effects, and the measured S-parameters are shown in
Fig. 8, where it is possible to note performance deviations of these parameters. It is seen, with the aid of Fig.
6, that the measured input impedance is less capacitive
and resistive than the designed impedance, since the 2.4
GHz marker is below and behind the simulated curve.
However, the measured input impedance remains within the –10 dB region in the bandwidth of interest as
confirmed in Fig. 8a.

Figure 7. Micro photography of the designed LNA on test.

Also the reverse isolation seen in Fig. 8b has
a 13 dB divergence from the expected in the desired
bandwidth. The measured output impedance matching depicted in Fig. 8c presents a 5 dB divergence
from the designed values. Note that S22 has a broadband characteristic since we decided to realize the output matching using the RM resistor.
The measured direct transmission coefficient
(S21) in Fig. 8d is around 6 dB, which is 4 dB and 5 dB
below the specifications and simulations, respectively.
Also, from the |S21| plots, it is possible to extract that
the simulated 3 dB bandwidth has 600 MHz, while the
measured results presented a bandwidth of 858 MHz.
The LNA response to one tone at 2.4 GHz
in the input of the circuit is plotted in Fig. 9. From
this experiment it is possible to find the measured
1-dB input-referred compression point (PIIP1) equal
to −23.9 dBm which is approximately 7 dB higher
than the expected, and consequently it is estimated
that the measured input-referred third-order intercept
point (PIIP3) is equal to −14.2 dBm.
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(a) |S11|
Figure 9. Simulated and measured 1 dB compression point for a
single tone.

(b) |S12|

The LNA’s noise figure was extracted using
the Y-factor technique [19]. This method utilizes a
noise source which is basically an avalanche diode
that is biased in its breakdown region to produce thermal noise similar to white noise. It is possible to relate
the on noise temperature (TH ) and the off temperature
(TC ) with the ENR (excess noise ratio) as ENR = (TH
- TC) / TO. This parameter is usually provided by the
manufacturer and TO = TC = 290K. It is possible to
relate the noise figure of a system under test with the
ENR as:
,

(c) |S22|

(d) |S21|
Figure 8. Comparison between the simulated and the measured Sparameters.
38

(24)

where NH and NC are the measured noise power when
the noise source is on and off respectively. The test
bench used to extract the LNA’s noise figure can be
seen in Fig. 10, where the pre-amplifier mainly magnifies the noise source’s signal. The calculated noise
figure obtained with (24) also accounts for the effects of the pre-amplifier and the spectrum analyzer.
Hence, another measurement without the LNA has
to be performed in order remove their noise of the
obtained noise figure.
The simulated and the measured noise figure,
which was obtained using a 5-dB ENR noise source,
can be seen in Fig. 11. In this figure, it is possible to
note a 2-dB difference between the simulated and the
measured results at 2.4 GHz. The uncertainty of the
noise source, provided by the manufacturer, is also
plotted. It is important to mention that we discounted the noise added by cables and interconnections in
the reported measured noise figure, remaining mainly
the LNA and the noise source’s effects.
The comparison between the presented LNA
and others designed for low power consumption in
a 0.18-µm CMOS technology can be seen in table
I. The designed circuit using the input transistor in
a common-source configuration has the smaller power
consumption if the common-gate topology is not taken into account. The common-gate circuit presented
Journal of Integrated Circuits and Systems 2013; v.8 / n.1:32-42
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Figure 10. Test bench used for the noise figure measurements.
Figure 11. Measured and simulated noise figure.

TABLE I. Low Power LNAs performance comparison
Spec.

[20]

[17]

[23]

This work

Voltage supply [V]

1.5

1

1

1

Power consumption [mW]

0.21

1.81

4.5

1.1

2.2

2.8-3.3

3-6.5

2.4

Frequency [GHz]
Experimental data

No

Yes

< −10

−11.1

< −12

−15.5

−10.5

|S12| [dB]

x

< −20

< −50

−38.8

−25.5

|S21| [dB]

13.9

11.1

5.6

−22

−17.1

2.8

4.78

|S11| [dB]

|S22| [dB]

Yes

x

Yes

15.2
3.01

PIIP 3 [dBm]

−9.3

−10. 8

Area [mm 2 ]

1.5

0.37

Input Transistor Configuration

Common gate

CMOS Technology

in [20] has a power consumption of 0.21 mW, however
its noise figure is the highest among all. It is also
possible to compare the simulated and the measured
results of this work in the presented table.

A. Discussion
From 1000 Monte Carlo runs with mismatch and
process variations, the observed gain had a mean of 10.85
dB with a variance of 1.57 dB. Then, for 97.7% of the designed circuits, the |S21| should be higher than 7.7 dB. For
the noise figure, it was achieved a mean of 2.8 dB with a
variance of 0.2 dB. Hence, we can conclude that the LNA
presented parametric faults, consequently we try to name
what caused the deviations observed in the measured circuits2 that were not predicted in the statistical analysis.
To understand the difference between the simulated and the measurement results in the last sec2 All the measured LNAs presented the same behavior shown in the results section.
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16

narrow band

5.14

N F[dB]

Yes

< −15
1.9-3.4
−13 @ 4 GHz
0.62

−18.7

−14.2
0.95

Common source
0.18 µm

tion, we started by analyzing the DC characteristics
of a 0.18-µm channel length transistor shown Fig. 12,
which is placed in the same low-power LNA’s die. The
bulk and source terminals of the MOS transistor are
tied to the ground potential, while its drain voltage is
fixed at 1 V. The I D S current is measured directly
from the DC source and the transconductance is obtained by differentiating this current with respect to
the gate-to-source voltage ( V G S ).
After the DC measurements, we extracted
the transistor’s S-Parameters. For this experiment
we used bias tees to add the VNA’s signals while we
could maintain the DC polarization and use the analyzer’s ports 1 and 2 connected to the gate and drain of
the test transistor, respectively. The transistor’s forward
transmission coefficient (S 2 1 ) was the S-parameter
that presented discrepancies from the simulated results. Hence, its measured values are plotted in Fig.
13 for distinct values of V G S . In this figure we use
that ∆g m = g m Simulated – g m Measured . Note that
39
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Figure 12. Simulated and measured transistor’s DC current and
transconductance.

(a) VGS= 0.6 V and ∆gm = 3.2 mS.

(b) VGS= 0.8 V and ∆gm = 2.7 mS.

(a) VGS= 1.2 V and ∆gm = -1 mS.
Figure 13. Comparison between the expected and the measured MOS transistor’s |S21| for different values of VGS.

when V G S = 0.6 V there was a difference of 1.2 dB
between the simulated and the extracted curves that
decreased, as in Fig. 13b, and could be even negative
when V G S increased as in Fig. 13c.
Considering that the LNA’s transistors also had
a |S 2 1 | variation of 1 . 2 d B for the chosen bias and
that the other S-parameters agreed with the expected,
it is possible to calculate that g m had a reduction of
1.14 [21]. With the measured transconductance value
40

it is possible to estimate that the power gain reduces
1.8 dB using (22). We can rewrite (22) as function
of the input quality factor as:
.

(25)

Since the output impedance has a broadband characteristic given by RM , the LNA’s first stage presented
in Fig. 3b is the main responsible for the pass-band
Journal of Integrated Circuits and Systems 2013; v.8 / n.1:32-42
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characteristic of the circuit power gain, which is
dependent on Req and on Qin, as seen in (24). As
shown in last section, the measured 3dB bandwidth
is 258MHz higher than the expected. From the S21
graphics, we can roughly estimate that ratio between
the frequency correspondent to the S21 peak and the
3dB bandwidth were 3.94 and 2.63 for simulated and
measured data, respectively. The ratio of 0.66 between them reduces the nominal values of Qin, Req
and decreases the power gain in about 1.8 dB.
Taking into account the 5-dB divergence of the
|S11| values at 2.4 GHz it is possible to estimate a 0.3
dB gain reduction due to mismatch loss (ML), if it is
considered that:
,

Figure 14. Noise figure variation for different inductor’s quality factor.

(26)

where ρin.sim or ρin.meas are the magnitude of the input
reflection coefficient for the simulated and measured
cases, respectively. The ML analysis of the LNA’s output is not relevant in this case since the obtained |S22|
values are below –15 dB and the ML is not significant
(< 0.1dB).
Combining the observed effects of the gm reduction, the bandwidth and the mismatch loss increase, it
is possible to estimate a measured gain 3.9 dB smaller
than the simulated. Other factors such as pad losses,
parasitics line effects, and component deviations that
were not taken into consideration in the simulation or
in the analysis of the measured results can reduce the
gain and can be used to explain the remaining 1.1–dB
gain difference.
The analysis of the measured noise figure is
not straight forward, and numerical simulations are
required to analyze this parameter. It is necessary to
derive equations of the noise figure including the effect
of the series resistance of the inductors (R s and R g )
using section II and the transistor model of Fig. 1c as
reference. With these equations it is possible to plot
the noise figure variation in Fig. 14 at 2.4 GHz versus
the normalized quality factor of each inductor ( L s and
L g curves) and their combined effect considering the
transconductance reduction (L s & L g curve). If we
suppose that the inductors have a quality factor reduction of 13%, found by splitting equally the 0.66 gain
bandwidth ratio between R e q and Q i n , we estimate
that the LNA’s noise figure increases 0.2 dB. Hence,
the input inductor’s quality factor and the reduction of
g m are not much relevant to explain the 2 dB variation
between the measured and the expected noise figure.
One may wonder that a faulty path between
the input and the first amplification stage could
increase its real impedance increasing the total noise
figure produced by the amplifier. However, this effect
is not seen since the real input impedance would need
an extra equivalent 30Ω series resistor to add 2 d B
in the total noise figure. Possible explanations for this
Journal of Integrated Circuits and Systems 2013; v.8 / n.1:32-42

Figure 15. Estimative of the noise parameter deviation.

difference can be assigned to a model inaccuracy of
the γ factor and to the shot noise presented in semiballistic devices [22]. We can estimate this variation
(∆ρ) using:
,

(26)

where F0 is obtained using (16) and it is considered that
all the parameters including the source impedance has
a ∆ρ variation. It is also possible to estimate a 40% of
deviation for the 2–dB noise figure variation as marked
in Fig. 15.

V. CONCLUsIONs
In this paper we reviewed the noise figure
concepts of a two-port network which proved to be
useful in the analysis of a common-source LNA. We
also eliminated possible misunderstandings especially
regarding the correlation factor, from [14], when we
applied it to derive the noise figure of a two port
network with correlated noise sources. Throughout
the paper we showed a low-power LNA topology and
we provided essential design equations, as well as we
presented a space of project including the effects of
41
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the parallel capacitor with the input transistor. The
analyzed LNA was fabricated in a 0.18 µm CMOS
technology and although the tested characteristics
mismatched those expected, we are able to explain
some divergences between measured and simulation
results. At this part, the on-chip test transistor proved
to be useful to determine which parameter deviated
from the simulated values.
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