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Abstract—This paper consists on the design and implementa-
tion, from sizing to layout with parasitic extraction and yield
estimation, of a low-power, Low Noise Amplifier (LNA) for
biomedical and healthcare applications of bio-potential signals,
particularly focusing on the Electromyography (EMG) and Elec-
trooculography (EOG). These signals operate in different broad-
bands, yet follow an impulse-shape transmission, hence being
suitable to be applied and detected by the same receiver. Nowa-
days, the trend is to incorporate complete systems with long-
lasting battery-powered equipment, which should be ergonomic
and suitable for everyday use. The bio-potential sensing amplifier
usually dominates both the power consumption and the noise
impact of the analog-frontend system, hence the development of a
LNA with low-power consumption and energy-efficient is of great
importance. A low-power, LNA presenting a Cutoff Frequency
(FC) and gain adaptive tuning developed for each of the acquired
signal is proposed. The FC and gain tuning exploit, respectively,
a varactor system and pseudo-resistor both tunable, which are
controlled by the same voltage. The amplifier is developed
in the electronic design software Cadence, using the United
Microelectronics Corporation (UMC) 130 nm Complementary
Metal Oxide Semiconductor (CMOS) technology. With a power
supply of 1.2 V and consuming current under 1 mA, the low-
power, LNA is designed at sizing and layout level. From post-
layout simulations, a gain of 34 dB for a FC at 2020 Hz, and
52.4 dB for a FC at 20.95Hz are presented. Regarding the noise,
an input-referred noise of 1.58 µVrms corresponding to a Noise
Efficiency Factor (NEF) of 1.35 for the high FC case is obtained,
and 0.276 µVrms matching to NEF of 2.32 for the other case.

Keywords—Low-Power, Low-Noise, Biomedical, Healthcare,
Bio-potential signals, Energy-Efficient, Tunable, CMOS.

I. INTRODUCTION

Wearable and implantable devices that record both physical
and psychological signals have grown recently in health moni-
toring, disease detection and brain stimulation. The amplitude
and frequency characteristics are distinct from each other, de-
pending on their physiological nature. These signals are sensed
through electrodes attached to the skin, this work focus on
the monitoring activities EMG and EOG, another examples of
signals from monitoring activities are Electroencephalography
(EEG) and Electrocardiography (ECG). The amplitude of these
recorded signals are very low, ranging from 0.001 mV to 10
mV, as for the frequency it spans from near Direct Current
(DC) (0.05 Hz) to 2000 Hz, as detailed in Table I. To record
the signals the biomedical devices must be for everyday use,
by being portable, ergonomic and having a long operational
lifetime in parallel with energy-efficiency, thus ultra low power

consumption is of paramount importance, particularly to the
implanted devices to avoid excess heat flux tissue damage.

Modern monitoring systems include five main blocks:
sensors, LNA, dedicated filtering, in the case a Low-Pass
Filter (LPF), programmable gain amplifiers and multiplexed
Analog-to-Digital Converters (ADC) with Radio-Frequency
(RF) circuitry to send and receive raw data, Figure 1. This
work is focused on the LNA, which is of most importance
in terms of power consumption, noise impact and linearity
performance. The LNA is only one block of a front-end system
for a device powered by a battery that must be suitable for
everyday use in biomedical and healthcare applications. The
LNA must provide enough voltage gain with minimum noise
increase, thus having a low input-referred noise to ensure
the signal detection. Additionally, large dynamic range and
small harmonic distortion are also important for bio-signal
recordings. Although the system is powered by a battery, in
re-charge mode the system would be subjected to powerline
interference, and since it is one of the primary noise sources in
bio-sensing devices, which is related to power supply, meaning
that the supply rejection ratio is also of great importance, and
must be maximized. Since most of the power is consumed
in the amplifier to keep a suitably low input-referred noise,
a metric used to quantify the trade-off between the power
and the input-referred noise is the NEF. Extensive research to
optimize the NEF in amplifier designs for biomedical sensing
applications begins to saturate in recent years. However, the
power optimization in the both the current and voltage domain
of the amplifiers is still possible.

Fig. 1: Front-end block diagram.

In state-of-the-art research normally is used a fully differen-
tial amplifier in closed-loop, its goal is to amplify neural signal
while presenting great power-noise performance and removing
the electrode potentials; besides showing higher linearity,
power supply rejection performance and less sensitivity to
process variations [1]. The most popular one is the capacitive-



TABLE I: Characteristics of Biomedical Signal Processing.

EMG EOG
Amplitude (mV) 1 - 10 0.01 - 0.1
Frequency Range

(Hz) 20 - 2000 DC - 10

Primary Noise
Source

Powerline
interference; RF

interference;

Powerline
interference

Primary Interference
Source Motion artifact;

Skin potential;
Motion Artifact; DC

drift

ECG EEG
Amplitude (mV) 1 - 5 0.001 - 0.01
Frequency Range

(Hz) 0.05 - 100 0.5 - 40

Primary Noise
Source

Powerline
interference;

Thermal, powerline;
Induced interference;

RF interference

Primary Interference
Source

Nearby muscle
activity (EMG

signal);

Motion artifact;
Muscle noise; Eye

motion; Blink effect;
Heartbeat signal

feedback structure, [1]–[6], which by using the capacitors
enables the rejection of the DC offset from the skin-electrode,
without introducing noise. Moreover, presents a band-pass
response, where the mid-band gain is set by the ratio between
the feedback capacitor and the input capacitor, and achieves
a high Common-Mode Rejection Ratio (CMRR) and Power
Supply Rejection Ratio (PSRR). An improvement, by [5] and
[6], is the addition of two reset switches in parallel with the
feedback capacitor, to initialize the input and output nodes
to the common-mode voltage quickly before the amplifier
starts to operate, or reset the amplifier when the output is
saturated due to motion artifact or electrode fall-off. Some
others, improved upon the capacitive-feedback, such examples
are the capacitively-coupled chopper by [7], or T-network
capacitive structure by [8]. The first one, was developed to
achieve a rail-to-rail input common-mode range as well as
high power efficiency, plus by putting chopper modulaters at
the input and output of the first stage suppress the offset and
1/f noise. However, this technique as some drawbacks, the
choppers produces chopping ripple and presents limited input
impedance, and to mitigate them extra circuitry is needed.
As for the T-network capacitive structure was developed to
reduce the large area and/or the high sensitivity to mismatch
and process variations that the capacitive-feedback presents to
achieve high gain values.

Regarding the amplifiers core, many state-of-the-art re-
searchers use current-reuse techniques to reduce the power
consumption of the LNA, [1]–[3], [9], [10]. In [1] is pro-
posed a current-reuse Operational Transconductance Amplifier
(OTA), based on an inverter-based differential input stage
for low noise, and a class-AB output stage for large output
range and high gm/I efficiency. Since, the class AB needs
a driving circuit to stabilize the quiescent current at the
output stage, a driving circuit is embedded in the inverter-
based input stage, to maximize the current efficiency. While

the authors from [2], [9] based there topologies on a folded
cascode; the first has the advantage of allowing individual
tuning of the noise level in the channels, thus the channel
that receives the signal consumes more power to decrease
the noise, whilst the others less power without regarding the
noise, however, this has the cost extra circuitry. Concerning the
one from [9], it was developed based on a Mid-Rail Current
Sink/Source (MCS) and takes advantage of a limited supply
voltage, by sharing the bias current and MCS between two
folded-cascode amplifiers input stage, thus being appropriate
for multi-channel biomedical acquisition systems. The work
from [10] exposes a stacked current-reuse amplifier in a binary
tree structure. This circuit exhibits several input differential
pairs separated across stages, in which there is a stacked
children input pair utmost in each transistors of an input
pair. The signal currents output are independent and linear
combinations of several output currents, therefore the output
voltages are generated by summing the correspondent output
currents in the respectively Recombination output stage. Later,
the authors from [3], simplified the topology to reduce the
current consumption and area. Other works focused on mini-
mize the noise using chopper modulation technique, [7], [11],
[12]. In [11] the choppers are used at the input Operational
Amplifiers (OPAMPs) of an Instrumentation Amplifier (IA),
hence attenuating the 1/f noise and the DC offset at the input
stage.

A different work developed by [13], presents a fully dif-
ferential low-noise IA based on a current mode IA. The
current mode IA is based on an inverter input pair and a
transimpedance output stage, having the advantage of enabling
a high CMRR, since is not dependent on capacitors or resistors
matching. Moreover, the circuit presents transistors acting as
varactors to set a constant FC.

In this paper, is proposed a low power, LNA gain and
frequency adaptive tuning for signals from EMG and EOG.
The signals operate in different broadbands, but both follow a
similar impulse-shape type of transmission, thus are suitable
to be applied to the same receiver. To enable the frequency
tuning a system of varactors is developed which is controlled
by an external voltage control, thus cutting-off approximately
at 2000 Hz when signals from EMG recordings are applied,
and at 20.95 Hz in the case of the EOG. The gain tuning is
used because the amplitude range of both signals is a decade
apart and to do so, a tunable pseudo-resistor is used and
controlled by the same voltage control that is used for the
varactor system. Moreover, simulated results show that the
whole amplifier consumes under 1 µV, while achieving an
input-referred noise of 1.58 Vrms corresponding to a NEF of
1.29 for the high FC case, and 0.276 Vrms corresponding to
2.23 for the low FC case.

The paper is organized as follows. In Section II the proposed
low power, LNA is reviewed. The design implementation is
discussed and simulations are presented in Section III. In Sec-
tion IV, the low power, LNA layout is described and are shown
results from post-layout simulations. Finally conclusions are
drawn in Section V.



II. PROPOSED LOW-POWER, LOW-NOISE AMPLIFIER

The schematic of the LNA proposed in this dissertation is
based on the current mode IA from [13]. This implementation
is chosen since it can be applied an adaptable tuning for each
signal, EMG and EOG, plus, presents room for improvement
in terms of current consumption. The presented solution,
Figure 2, is an inverter-based fully-differential instrumentation
amplifier, with cascode loads and an embedded tuning strategy
based on two CMOS capacitors.

The Bandwidth (BW) of the amplifier is limited and con-
trolled by the C1 devices, which implement Metal Oxide
Semiconductor Field Effect Transistor (MOSFET) varactors,
thus the FC can be controlled externally, and adapted for
different measurements. Hence, operating properly in a general
biomedical monitoring system, improving the portability and
versatility for daily users.

Fig. 2: Circuit diagram of the proposed low-noise instrumen-
tation amplifier.

A. Circuit Review

To discuss the proposed implementation in detail, the circuit
is divided in six different blocks, current mirror (Pref and P0),
inverter (P1 and N1), current source (N2), common drain (N3),
common-mode feedback (N4 and N5) and varactor (C1).

The current mirror’s function is to bias the full circuit with
an accurate current. Hence, the transistors (Pref, P0) should
be fully saturated.

The inverter block is used as an input device with a CMOS
inverter configuration. This configuration when used as an
amplifying stage both transistors should be saturated, however
to obtain a high gm/id they are biased in the sub-threshold
region. The inverter as input stage has the advantage of reduc-
ing the input-referred noise by doubling the transconductance
under a given bias current, furthermore if the transconductance
of both transistors is similar the thermal noise is reduced, [1],
[13]. Whereas the current source block defines the input stage
bias current.

The common drain block represents the common drain
presented at the circuit’s output stage. This stage acts as a
transimpedance amplifier. To bias the output stage, one has

the common-mode feedback block, which displays pseudo-
resistors and the bias transistors, where the latter ones bias
the output stage. The pseudo-resistors sense and establish the
output common mode voltage along with the bias transistors.

To enable adaptive tuning low FC is necessary and conse-
quently high capacitance values. Hence, the varactor block
contains a MOSFET capacitor, as it can achieve relatively
high capacitance with low penalty in terms of chip area. The
MOSFET varactors are implemented in a D=S=B structure,
i.e., with the transistor’s drain, bulk and source linked together.
This structure works in all three regions, inversion region
if vbg is higher than VT (vbg > VT ), depletion region if
vbg < VT and the accumulation region if the bulk voltage
is lower then the gate voltage (VB < VG), while other
structures only work in one region [14]. Plus, the inversion
region divides in three zones, strong (vbg >> VT ), moderate
(vbg > VT ) and weak(vbg ≈ VT ). The varactor capacitance
value depends on vbg and its total capacitance may be given
by CMOS = C · S, where C is the capacitance per unit of
area and S is the transistors channel area. The maximum
capacitance per unit of area can only be achieved in strong
inversion or accumulation region, furthermore, the varactors
implemented to work only in accumulation region presents
wider tuning range and lower parasitic resistance [15], as such
the implemented varactor should work in the accumulation
region or at least in the inversion region. During the varactor
sizing one should consider that a low lenght channel reduces
the channel resistance and by using a multi-finger structure
reduces gate resistance [16].

In order to facilitate the small-signal analysis, the current
mirror transistor is substituted by a given voltage, Vbias. One
can see that this circuit is symmetric, this implies that it is
possible to use Bartlett’s bisection theorem [17], [18]. To
detach the circuit along the symmetry axis turning it into
two identical networks, R1 and R2 are split in half. Thus,
the circuit can be analysed by only looking at one network
and replacing the shared nodes for ground. For simplification,
it is considered that P0 acts as an ideal current source. The
proposed LNA small-signal equivalent circuit is presented in
Figure 3, Vi and VO are considered to be the peak-to-peak
differential input and output voltage, respectively, VA is a
given voltage from the current source small-signal equivalent
circuit, and VB is the first stage output voltage. The differential
gain expression of the LNA is obtained and is given by (1),
where β, α and α1 are presented in (2), (3), (4).

VO
Vi

=
R2(gmp

(R1 − 2gm3
ro3ron)rop − gmn

ronβ)

2(R2 + 2ro3 + gm3
R2ro3)(ron + rop) + α+ α1

(1)

β = R1 + 2gm3
ro3rop + gm3

R1(ro3 + gmp
ro3rop) (2)

α = R1R2(1 + gm3
ro3)(1 + gmp

rop) (3)

α1 = 2R1(ron + rop + ro3(1 + gm3ron(1 + gmprop))) (4)



Fig. 3: Small-signal equivalent circuit of the LNA after the
Bartlett’s bisection theorem.

III. DESIGN IMPLEMENTATION

In this section, an initial circuit implementation is done in
UMC 130 nm CMOS technology using the software Cadence
IC. The proposed LNA is implemented at sizing level, design
strategies and simulation results. During the circuit sizing a
special attention is needed, since it can not consume excessive
current or have high noise contribution.

A. Implementation

To begin proposed LNA biasing strategy, some definitions
should be taken into account. Thereby, it is defined that, at
an initial stage, VDD=1.2 V, the current budget is 1 µA and
Vout=0.5 V to enable matching with the next block of the front-
end system, the LPF. With this, the DC biasing strategy is
adapted to the bias current of 475 nA for each branch; thereby
remaining 50 nA for the current reference, which is possible
to achieve with a self-biased Widlar current source where its
resistor is 100 kΩ. The biasing strategy influences the noise
and linearity, having larger input transistors at the first stage
reduces flicker noise, and in addition to increasing the input
voltage at the second stage since it reduces the non-linear
behavior inherent to weak-inversion region. The final sizing
strategy is depicted in Table II.

TABLE II: LNA final sizing.

First Stage

WP1

[µm]
LP1

[µm]
WN1

[µm]
LN1

[µm]
WN2

[µm]
LN2

[µm]

90 50 250 50 0.4 50

Second Stage

WN3

[µm]
LN3

[µm]
WN4

[µm]
LN4

[µm]
WN5

[µm]
LN5

[µm]

190 50 0.4 46 1 10

Current Mirror
Vin[V] Vout[V] i1[nA] i2[nA]

WP1

[µm]
LP1

[µm]
285 50 0.7 0.5 324 149.5

The values of the R1 and R2 resistors are mainly linked to
the noise and linearity, respectively, as well as the gain and
BW. Hence increasing R1 value, the noise also increases, on
the other hand, by increasing the R2 value the LNA linearity
increases. Since, the gain is proportional to the R2/R1 ratio,
to set a given gain a trade-off between linearity and noise must

be taken into account. Herewith, the gain is mostly tuned by
the resistors ratio, therefore the gm of both stages does not
have to be the highest possible. The resistors are sized so
that the gain is 34 dB, which is approximately the maximum
possible gain so that the LNA does not saturate, when the
maximum amplitude signal is applied. Thus, the resistors R1

and R2 present values of 50 kΩ and 1.35 MΩ, respectively.
However, a 1.35 MΩ resistor would occupy an excessive large
area, so it is replaced by a tunable pseudo-resistor, Figure 4.
The pseudo-resistors work in the sub-threshold region, they
are controlled by the gate voltage and may be tuned for
high resistances in the order of giga-ohms (cut-off region)
and for low resistances in the order of kilo-ohms (triode
region) [19]. Due to the dependence of Threshold Voltage
(VT) on the substrate potential, this configuration consists
of a PMOS bulk connected to its drain, resulting in a finite
large equivalent resistance instead of almost infinite impedance
[20]. As the EMG and EOG signals present both different
amplitudes and BW, by using a tunable pseudo-resistor the
LNA has the advantage of enabling a particular gain for each
signal. So, the circuit that tunes the BW can be applied to the
pseudo-resistors, thereby tuning also the gain, specifically by
connecting the voltage control to the pseudo-resistors gate. The
pseudo-resistor transistors are dimensioned with W = 3.1 µm
and L = 50 µm so that, the LNA may introduce 34 dB gain
for a 0 V voltage control, i.e, when the EMG signal is applied.
As for, when the EOG signal is applied the voltage control is
1.2 V, resulting a gain of 52.5 dB.

Fig. 4: Tunable pseudo-resistor.

Since is intended that the BW be tunable, the varactors are
sized to tune the FC with a given control voltage. As the
EOG presents a frequency range from DC to 10 Hz and the
EMG signal from 20 Hz to 2 kHz, the LNA should enable
tuning at least at 20 Hz and 2 kHz. Yet, there is no size for
the varactors that enables this tuning range. As such, two
pairs of varactors are implemented, the first one should cut at
2 kHz and the second to cut at 20 Hz. Ideally, one pair would
turn off, having no effect on the circuit, when the other is
turned on, thus presenting its FC. At first sight, this could be
easily implemented with a basic inverter connected between
the control voltage and one of the pairs of varactors. However,
even when 0 V are being applied, the varactor presents some
capacitance, thus the overall capacitance in a branch would be
the sum of the varactors capacitances, i.e. it would act as one
capacitor. The implemented solution presents a transistor P-
type Metal Oxide Semiconductor (PMOS) after each varactor,
with the main goal of turning on or off the pairs of varactors,
by being in the triode or cut-off region, respectively, Figure 5.



Ideally, the PMOS when in cut-off region would act as an
open circuit, and therefore the only influence in the BW would
come only from the capacitance of the other pair of varactors.
However, the PMOS impedance is not infinite, as such this
implementation introduces additional poles and zeros to the
system, although at frequencies above FC.

Fig. 5: Implemented varactor system.

In order to enable the turn on/off function, other two control
voltages are needed (VH and VL), for each pair of varactors,
thereby when applied 0 V to the transistors gate from one of
the pairs, it enters into the triode region (turns on), while to
the gate of the transistors from the other pair is applied 1.2 V,
thus entering the cut-off region (turns off). By implementing
two more control voltages instead of only one and an inverter,
the area is reduced and if applied to some other application
introduces higher tuning frequency range. The full circuit with
the referred implementation is depicted in Figure 6.

Fig. 6: Full low noise, LNA implementation.

The varactors CH , when turned on, establish the high FC
(2 kHz) and the varactors CL establish the low FC 20 Hz. Their
size as well as the control voltages that enable the mentioned
FCs are displayed in Table III. Note that, although before
was mentioned that the varactors length should be the lowest
possible to decrease the channel resistance, for this application
it is preferable that the varactors size be symmetrical for layout
purposes.

TABLE III: Varactors sizing.

WCH

[µm]
LCH

[µm] MCH
* WPH

[µm]
LPH

[µm]

Control
Voltage

[V]

27 27 1 20 1 0

WCL

[µm]
LCL

[µm] MCL
* WPL

[µm]
LPL

[µm]

Control
Voltage

[V]

50 50 9 30 1 1.2

*Multiplier.

B. Simulations

As mentioned before, when the EMG signal is applied the
LNA introduces a low frequency gain of 34 dB in a BW of
2.035 kHz (high FC case); and 52.5 dB in a a BW of 20.65 Hz
for the EOG (low FC case). The Alternate Current (AC)
response for both is shown in Figure 7 and Figure 8, with
phase margins of 80.1° and 89.6°, respectively.

Fig. 7: Simulated LNA AC response for FC of 2 kHz.

Fig. 8: Simulated LNA AC response for FC of 20 Hz.

Moreover, the noise response for this sizing is illustrated
in Figure 9 and Figure 10 for the high and low FCs, cor-
responding to input-referred noise of 1.58 µV and 0.276 µV,
respectively. These noise contributions result in NEF of 1.29
and Power Efficiency Factor (PEF) of 2 for high FC, as for
low FC the NEF obtained is 2.23 while the PEF is 5.97.

Both the CMRR and PSRR are obtained presenting values
greater than 155.4 dB and 160 dB for high FC BW, and greater



Fig. 9: Simulated LNA equivalent input-referred noise for FC
of 2 kHz.

Fig. 10: Simulated LNA equivalent input-referred noise for FC
of 20 Hz.

283 dB and 283.9 dB for low FC BW. The results are presented
in Figure 11 and Figure 12.

To verify the LNA linearity when EOG and EMG signals
are applied, one must calculate the Discrete Fourier Transform
(DFT) to obtain the Total Harmonic Distortion (THD) and
dynamic range values. In order to obtain the DFT output,
coherent sampling is considered, since it reduces the spectral
leakage. The output DFT of a signal with 1 mV amplitude
and 101.318 359 375 Hz, i.e EMG simulation, is presented in
Figure 13, showing a dynamic range of 43.9 dB and a THD of
approximately 0.72 %. As for the EOG simulation, the signal
applied is 0.1 mV amplitude and 8.544 921 875 Hz and the
output DFT is illustrated in Figure 14, presenting a dynamic
range of 74 dB and a THD of 0.11 %.

A 3-σ Monte Carlo simulation with 500 runs for process and
mismatch variations is carried out, where the 3-σ represents
the standard deviation, which is used to quantify the amount
of variation of a set of data values, corresponding to a 99.7 %
confidence interval. In Figure 15 is represented the gain and
BW variations for the high FC, which the low frequency
gain has a mean value of 34 dB and a standard deviation of
0.207 dB; therefore proving that the gain of the amplifier is
almost independent of process variations. However, the BW
is more dependent, presenting a mean value of 2.144 kHz and
a standard deviation of 59 Hz. In the low FC case, shown
in Figure 16, has higher dependency on process variations,
depicting a mean value and standard deviation of 52.27 dB
and 2.23 dB, respectively, for the gain; and 21.71 Hz and 5 Hz

(a)

(b)

Fig. 11: Simulated LNA CMRR (a) for high FC; (b) for low
FC.

(a)

(b)

Fig. 12: Simulated LNA PSRR (a) for high FC; (b) for low
FC.

regarding the BW.



Fig. 13: Simulated LNA, transient and DFT response to a 1 mV
of amplitude and 101.318 359 375 Hz sinusoidal input signal.

Fig. 14: Simulated LNA, transient and DFT response to a
0.1 mV of amplitude and 8.544 921 875 Hz sinusoidal input
signal.

Fig. 15: Simulated 3-σ Monte Carlo 500 runs of the LNA,
gain and BW, for high FC.

Fig. 16: Simulated 3-σ Monte Carlo 500 runs of the LNA,
gain and BW, for low FC.

IV. LAYOUT

The layout core design of the proposed low power, LNA is
described in this section and depicted in Figure 17, comprising
an area of 0.098 107 mm2 (327.2 µm X 299.84 µm). To reduce
the parasitic capacitances, the signal paths are designed using
higher metal levels, i.e., metal 3,4, the ones above are not
necessary. As for, the power nets are laid out using lower
metal levels, i.e., metal 2 for the supply source and metal 1
for ground routing. To avoid parasitic resistances in the con-
nections between transistors parasitic resistances may appear,
to prevent and minimize it many contacts are used whenever
possible. To prevent current leakage, the N-type Metal Oxide
Semiconductor (NMOS) have a dedicated guard ring (P Plus)
which polarizes the substrate to ground, some branches are
added so that all the NMOSs are polarized equally. There is
also a guard ring (N Plus) which contains the whole circuit,
but only polarizes most of the PMOS. The PMOS that are not
included are the tunable pseudo-resistors, because their bulk
is connected to drain, and as such it needs its own NWELL.

Fig. 17: LNA layout core.

A. Post-Layout Simulations

After the parasitic extraction post-layout simulations are
done. In Figure 18 and Figure 19 is illustrated the LNA AC
response for high and low FC, respectively. For the first one,
may be depicted a low frequency gain of 34 dB, a 2.02 kHz
BW and phase margin of 80°. While, the low FC presents a
low frequency gain of 52.4 dB, a BW of 20.95 kHz and phase
margin of 89.6°.

The post-layout noise response for each case is shown in
Figure 20 for the high FC and in Figure 21 for the low FC,
demonstrating an integrated equivalent input-referred noise of
1.5786 µV and 0.275 66 µV in their respective BW. Which
corresponds to a NEF of 1.35 and a PEF of 2.187 for the
high FC case, and for the low FC case a NEF and PEF of
2.32 and 6.459, respectively.



Fig. 18: Simulated LNA post-layout AC response, for the high
FC case.

Fig. 19: Simulated LNA post-layout AC response, for the low
FC case.

Fig. 20: Simulated LNA post-layout equivalent input-referred
noise, for the high FC case.

Fig. 21: Simulated LNA post-layout equivalent input-referred
noise, for the low FC case.

Regarding the CMRR and PSRR are simulated in post-
layout conditions. For high FC case, at low-frequency, the
CMRR achieves a value of 151.4 dB and the PSRR a value
of 167.3 dB, as depicted in Figure 22. Concerning the low
FC case, the CMRR and PSRR are shown in Figure 23

with maximum values of 135.8 dB and 159.4 dB, respectively.
When compared to values obtained in previous simulations,
one may notice that there is a significant decrease in both
cases.

(a)

(b)

Fig. 22: High FC, (a) Simulated LNA CMRR for high FC; (b)
Simulated LNA PSRR.

The transient analysis is carried out in open-loop. The LNA
response and respective DFT is shown in Figure 24 for the high
FC case and in Figure 25 for the low FC case. The first one
presents a THD of 0.144 % and a dynamic range of 43.9 dB.
As for the second case, a THD of 0.0366 % and a dynamic
range of 54.6 dB are obtained.

Moreover, a 3-σ Monte Carlo simulation with 500 runs
is carried out, to understand the robustness of the circuit,
the results are shown in Figure 26 and Figure 27. In the
high FC case, the results obtained regarding the gain are
similar to the ones obtain before, presenting a mean value
of 34 dB and a standard deviation of 0.198 dB, thus being
approximately independent of process . However, the BW has
a major variation due to the extracted parasitic capacitances,
presenting a mean value of 6.06 kHz and a standard deviation
of 204 Hz. Concerning the low FC case, also presents similar
gain values, depicting a mean value and standard deviation of
52.25 dB and 2.21 dB, respectively. Yet, as in the former case
the BW also has a major variation portraying a mean value of
122.7 Hz and a standard deviation of 17 Hz.

V. CONCLUSION

As described before, this work proposes to develop an
LNA from a front-end system that is intended to be used
in biomedical applications, prioritizing signals from EMG



(a)

(b)

Fig. 23: Low FC, (a) Simulated LNA CMRR for high FC; (b)
Simulated LNA PSRR.

Fig. 24: Simulated LNA post-layout transient response and
respectiveDFT, for the high FC case.

Fig. 25: Simulated LNA post-layout transient response and
respectiveDFT, for the low FC case.

and EOG. To record both signals, is required that the LNA
exhibit adaptive tuning to be applied to the same receiver,
furthermore, since the recordings present low voltage signals,
the amplification is as noiseless as possible, while being power

Fig. 26: Simulated LNA post-layout 3-σ Monte Carlo with
500 runs, for the high FC case.

Fig. 27: Simulated LNA post-layout 3-σ Monte Carlo with
500 runs, for the low FC case.

efficient. The low power, LNA presents a strategy enable the
adaptive tuning of the frequency and gain, while consuming a
current under 1 µA, being validated at simulation level. In this
implemented a strategy of not only the frequency being tunable
but also the gain. This strategy is based on tunable pseudo-
resistors and a varactor system. The pseudo-resistors replace
R2, since the gain may be adjusted by the R2/R1 ratio, plus
their voltage gate is controlled by an outside control voltage.
Regarding the varactor system, for this application two pairs
of varactors are needed, one to set the high FC and other for
the low. Moreover, after each varactor is placed a transistor to
turn on and off the pair of varactors. Hence, from post-layout
simulations, for the high FC case the LNA presents a gain of
34 dB with the FC at 2020 Hz, regarding the noise presents an
input-referred noise of 1.58 µV which corresponds to a NEF
of 1.35, whereas for the linearity metrics, achieves the targeted
value for the THD with 0.144 % but the dynamic range falls
short with only 43.9 dB. Since the low FC case is related to the
EOG signal which has much lower amplitude range than the
EMG signal, a higher gain can be achieved without saturating
the amplifier. Therefore, for the low FC case is obtained a
gain of 52.4 dB with the FC at 20.95 Hz, the achieved input-
referred noise achieved is 0.276 µV corresponding to a NEF
of 2.32, in this case concerning the linearity metrics target
values the THD is achieved, 0.0366 %, but the dynamic range
as in former case, also falls short, 54.6 A comparison with
state-of-the-art is presented in Table IV.



TABLE IV: Comparison of the state-of-the-art with this work.

Work [1] [2] [3] [7] [9] [12] [13] [21] This Work**

Year 2018 2015 2018 2011 2014 2017 2015 2018 2020

Tech (nm) 350 180 180 65 180 180 180 180 130

Gain (dB) 39.8 33 35 40 30 57.8 40.04 20.7-48.5 34 52.4

BW (Hz) 0.2-200 0.7-182 9.3k 0.5-500 0.2-120 670 11k 6.7k/7.7k 2020 20.95

NEF 2.26 1.74/2.04 1.94 3.3 1.17/1.21* 2.1 1.88 - 1.35 2.32

Power
(µW) 0.16 µA 0.52*/1.56* 4.5* 1.8 µA 2.5 0.79 43.8 µA 1.1m <1 µA

Power
Supply (V) 2 1.4 1.8 1 1 0.2/0.8 1.8 1.2 1.2

CMRR
(dB) >65 >70 76 134 >60 85 100 >95 >128 >135.7

PSRR
(dB) >70 >70 80 120 >80 >74 - >95 >131.8 >159.2

THD (%) 1
@15mVpp

1.5
@4.6mVpp

0.07
@1mVpp

- 0.3
@2mVpp

0.3
@100Hz

- - 0.144
@0.1 mV

0.0366
@1 mV

*Per Channel.
**Results obtained from post-layout simulations.
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