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Abstract

This thesis is part of the PROUD project, conducted in collaboration with the
medical imaging team at STMicroelectronics. The objective of this work is to
assess the feasibility of a low-noise amplifier (LNA) with a noise level of 4 nV/\/Hz,
consuming only 10 mW of power, while maintaining a high input signal dynamic
range of 360 mV, a broad bandwidth, and low harmonic distortion. The intended
application is the reception of ultrasound waves for medical imaging, with the LNA
designed for integration into a portable, battery-powered device.

The design process began with an analysis of different architectures to evaluate
noise performance and power consumption. Subsequently, the amplifier topology
and MOSFET characteristics were optimized to meet the specified requirements.
Finally, a comparative analysis was conducted to determine the optimal LNA that

best satisfies the design specifications.
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Chapter 1

Introduction

Ultrasound, also referred to as sonography or ultrasonography, is a non-invasive
imaging modality that utilizes high-frequency acoustic waves to generate real-
time images or videos of internal organs and soft tissues, including blood vessels.
Unlike X-ray imaging, ultrasound does not rely on ionizing radiation, making it a
safer alternative for various diagnostic applications. Although it is widely associ-
ated with obstetric imaging, ultrasound is extensively used across multiple medical
fields to examine different anatomical structures. The fundamental principle of ul-
trasonography is based on the transmission and reception of acoustic waves within
the ultrasonic frequency range. Audible sound waves, perceptible to the human ear,
have frequencies below 25 kHz, whereas ultrasound waves typically range between
1 MHz and 20 MHz. Lower frequencies enable deeper tissue penetration, making
them suitable for abdominal imaging, while higher frequencies enhance spatial
resolution and are preferred for superficial structures such as vascular imaging.
Ultrasound waves are generated by the mechanical oscillations of a transducer,
which is excited through electrical pulses based on the piezoelectric effect. As
these waves propagate through biological tissues, their velocity varies depending
on the medium’s composition. However, most ultrasound imaging systems assume
a uniform propagation speed of approximately 1540 m/s for all tissue types, intro-
ducing only a minor and generally negligible error.

As the ultrasound beam traverses biological tissues, it experiences attenuation, pri-
marily of an exponential nature, which is influenced by the acoustic properties of
the medium. This attenuation factor must be considered in imaging applications to

ensure optimal signal processing and accurate diagnostic interpretation. The equa-



tion representing the amplitude of a plane wave propagating through the medium

along the z direction is defined as:
A =Ape” % (1.1)

where

A : Amplitude of the wave attenuated after traveling a distance z from the initial
position;

Ay : Initial amplitude of the wave;

o : attenuation coefficient;

The higher the attenuation coefficient, the more wave energy is lost within the
body. Analyzing the received signal, we can see the exponential decay variations
in order to establish where tissues interface are, so we can get an image of the body

part crossed by the ultrasound wave.

1.1 Ultrasound Transducers

In an ultrasound imaging system, the transducer plays a fundamental role in both
transmitting acoustic waves into the body and detecting the returning echo signals.
The depth of an echo’s origin can be inferred from its time of arrival, while lateral
resolution is achieved through beamforming. To facilitate this process, ultrasound
transducers are typically divided into an array of elements. For two-dimensional
(2D) imaging, one-dimensional (1D) arrays (linear or phased) are employed, in-
corporating up to 256 elements. In contrast, three-dimensional (3D) imaging with-
out mechanical translation or rotation necessitates the use of a two-dimensional
(2D) array, also referred to as a matrix transducer, which may consist of thousands
of elements. The aperture of the array directly influences the field of view and
spatial resolution, whereas the element pitch is determined by beamforming con-
straints, particularly the need to suppress grating lobes. In phased-array transduc-
ers, this requirement dictates that the element pitch should be approximately half
the wavelength. Figure 1 shows a schematic representation of the transducers.
Currently, the majority of ultrasound probes rely on bulk piezoelectric transduc-
ers (Fig. 1a). These transducers employ a piezoelectric layer (typically composed

of piezoceramic materials such as lead zirconate titanate (PZT) or piezocompos-
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ites) which is mechanically diced into discrete elements and equipped with top
and bottom electrodes. The application of an alternating current (AC) voltage
across these electrodes induces pressure waves through the piezoelectric effect,
whereas incident pressure waves result in charge displacement or voltage changes,
enabling signal detection. Structurally, the transducer functions as a thickness-
mode resonator, tuned to the desired frequency range with a low quality factor
to allow short pulse transmission. To ensure efficient acoustic coupling despite
impedance mismatches between materials, backing and matching layers are incor-
porated. However, the fabrication of bulk piezoelectric transducer arrays (particu-
larly in 2D configurations) is complex, time-intensive, and costly. To mitigate these
manufacturing challenges, wafer-scale batch-fabrication techniques have been ex-
tensively explored. This has led to the development of micro-machined ultra-
sound transducers (MUTs), which employ a thin, flexible membrane fabricated
using either surface or bulk micro-machining processes. In the case of piezoelec-

tric MUTs (PMUTs), a thin piezoelectric film with electrodes is deposited onto
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Figure 1: Schematic representation of (a) a bulk piezoelectric transducer, (b) a
capacitive micromachine ultrasound transducer (CMUT), (c) a piezoelectric mi-
cromachined ultrasound transducer (PMUT), and (d) the Butterworth-Van Dyke
equivalent circuit model. [1]



the membrane (Fig. 1c), while capacitive MUTs (CMUTs) utilize electrostatic
actuation via electrodes positioned on both the membrane and the underlying sub-
strate (Fig. 1b). Typically, a high direct current (DC) bias voltage is applied to
pre-deflect the membrane, thereby linearizing its response. A superimposed AC
voltage facilitates ultrasound wave transmission, while reception relies on detect-
ing charge displacement due to capacitance variations associated with membrane
deflection. Despite their differing operational principles, the electrical impedance
of all three transducer types—bulk piezoelectric, PMUTs, and CMUTs—can be
approximated using a first-order Butterworth-Van Dyke (BVD) model (Fig. 1d).
This equivalent circuit includes a resonant branch, comprising resistance (Ry,), in-
ductance (L), and capacitance (C,), to represent the mechanical resonance of the
transducer, while an additional capacitor (Cp) accounts for its intrinsic electrical
capacitance. The BVD model proves valuable in characterizing the transducer’s
load at the output of a transmission circuit, as well as in small-signal modelling at
the input of a low-noise amplifier (LNA), where an acoustic source can be intro-
duced into the resonant branch and the thermal noise associated with Ry, represents
the transducer’s intrinsic noise contribution. For more accurate acoustic modelling,

a two-port representation is often adopted [1].

1.2 Ultrasound System

Figure 2 shows the block diagram of a Ultrasound Imaging systems. The block are
described as follows[2]:
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Figure 2: Block diagram of a standard Ultrasound Imaging System. [2]



. The console is employed to perform initial digital processing and filtering of
the ADC output data from all channels. This system manages the receive
beamforming process, which is essential for modern phased-array probes,

where transducers are activated with specific time delays during transmission.
. The display shows the images made by the Console.

. The TX beamformer is a digital block that transmit multiple TX channels
simultaneously and coherently to achieve longer range in the main focused

field of view.

. The N Pulsers are Low Voltage (LV) circuits that control the High Voltage
(HV) Trasmission blocks and that generate different pulses configuration.

. They are typically composed of high-voltage devices. Additionally, HV
switching matrices may be placed after this stage to direct the same signal

to multiple transducers.

. The N T/R switches are essential for protecting the low-voltage (LV) receiver
chain during transmission mode, as both the transmitter and receiver chains
are connected to the probe. During the transmission phase, the transduc-
ers are driven by high-voltage signals, which could severely damage the LV
receiving circuitry if they were to reach it. To prevent this, the T/R switch
disconnects the receiver chain from the transducers during transmission. At
the onset of the receiving phase, the T/R switches restore the connection be-

tween the probe elements and the receiver circuitry.

. The N Low Noise Amplifiers (LNAs) are responsible for receiving the echoes
emitted by the transducer array and amplifying them with the goal of achieving
the highest possible signal quality. These amplifiers are designed to operate
with the lowest possible noise levels, ensuring that the amplified signal re-
mains as clean and accurate as possible for subsequent processing. The
primary function of the LNAs is to enhance the weak signals from the trans-
ducers without introducing significant noise, which is crucial for maintaining

the integrity of the received data.

. The N Time Gain Control (TGC) and Programmable Gain Amplifier (PGA)

blocks are responsible for conditioning the received signal by compressing its



dynamic range, which in turn alleviates the requirements for the subsequent
Analog-to-Digital Conversion (ADC) stage. Specifically, the TGCs help
mitigate the attenuation effect that occurs as the signal propagates through
the tissues. These blocks implement an amplification process that increases
exponentially over time, effectively compensating for the loss of signal strength

and ensuring the signal remains adequately amplified for accurate processing.

9. The N Analog to Digital Converters (ADC) receive the output coming from
the PGA and convert into digital signals.

10. The RX Beamformer block combines the digital signals received from the
ADC:s to reconstruct the image, subsequently transmitting the processed signals

to the Console for further display and analysis.
These block can be categorized into three groups
* The blocks from 4 to 8 represent the Analog Front End (AFE).
* The blocks 3, 9 and 10 represent the Beamformer and digital Front end.
* The blocks 1 and 2 represent the Backend.

The connection between the machine and the probe is established through multiple
coaxial cables, with each transducer having a dedicated cable. Due to the one-to-
one association between the transducer elements, cables, and transceiver channels,
the total number of elements is constrained by practical limitations related to cable
count. This restriction hinders the use of matrix transducers, which are essential for
3D imaging. Consequently, a key motivation for integrating ASICs into ultrasound
probes is to overcome this limitation by bridging the gap between the high num-
ber of transducer elements required for 3D imaging and the restricted number of
system channels available. Beyond merely reducing the number of channels, in-
probe ASICs can offer significantly enhanced functionality. For example, they can
enable full digitization and advanced processing of echo signals. This capability
is particularly crucial in portable ultrasound probes, where the traditional imaging
system—comprising analog front-ends and ADCs—has been replaced by a smart-
phone or tablet. As a result, the data acquisition function, which was historically
implemented within the imaging system, is now integrated into the ASIC, while

image processing is handled through software.
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Chapter 2

Architecture Analysis

In ultrasound systems, the Low-Noise Amplifier (LNA) can be implemented in
various ways to comply with different transducers and applications. For instance,
when using traditional piezoelectric transducers (PZT), which exhibit a high output
impedance (on the order of hundreds of kQ2/MQ), the LNA must have a high in-
put impedance to prevent loading the transducer [3]. Therefore, the recommended
configuration is a common-source amplifier with high input impedance (Fig. 3a),
combined with a buffer stage to enhance linearity and therefore reduce distortion.

When CMUT transducers are used, they exhibit an output impedance characterized
by a relatively small capacitance (on the order of a few pF) and generate an output

signal in the form of a current. Since an ultrasonic transducer produces a current
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Figure 3: Schematic of: a) Common-Source Amplifier for PZT[3], b)TIA for
CMUTI6].



signal in response to incident ultrasonic waves, the LNA can be implemented as
a charge-based amplifier [4][5], or a transimpedance amplifier (TIA) [6]. Among
these configurations, the TIA is the most widely adopted choice in ultrasound sys-
tems employing CMUT transducers, as it enables an efficient current-to-voltage
conversion (Fig. 3b). Furthermore, this architecture is extensively utilized in other
advanced applications, including biosensing and blood pressure monitoring via
photoplethysmography [7][8][9].

When PMUT transducers are used, they exhibit a moderate impedance (on the or-
der of a few kQ); therefore, the circuit must be designed to ensure proper impedance
matching with the receiver. The LNA can be implemented as a voltage amplifier,
since it generates an output voltage (unlike CMUT transducers, which produce a
current output), or alternatively, as a transimpedance stage. In the presence of a
large output capacitance (Cp), as is the case with PMUTs, the voltage amplifier is
significantly more power-efficient. Specifically, when employing a transimpedance
stage, achieving the required bandwidth and noise specifications in the presence
of a high Cp necessitates an impractically high input transistor transconductance,
leading to increased power consumption. Conversely, this limitation does not ap-
ply to the voltage amplifier, whose noise and bandwidth performance, to a first
approximation, remain unaffected by Cp [10].

In this work, the selected transducer type is the PMUT, since the PMUT array
shows great promise for portable and implantable imaging applications, owing to
their low sinusoidal input (10 V) in contrast to CMUT which requires high DC
bias voltage (> 100 V)[11]. The chosen configuration for the LNA design is the
Voltage Amplifier, as it provides a suitable trade-off between noise performance

and bandwidth. The following section will discuss the design specifications.

2.1 Design Specifications

Table 2.1 presents the required performance that the LNA requires. The reason why
an input noise of 4 nV/y/Hz is required is multifaceted. The first reason is that the
ultrasonic echoes received by the transducer are generally weak, especially those
originating from deep structures within the body. A low-noise amplifier helps pre-
vent the degradation of the SNR (signal-to-noise ratio) of the useful signal. The

second reason is that a low-noise amplifier enables the detection of low-amplitude



signals that would otherwise be masked by electronic noise, thereby improving the
resolution of image details. Furthermore, excessive noise introduced by the LNA
can cause distortions and artifacts in the images, reducing diagnostic reliability.
The maximum amplitude of the signal from the transducer is 0.36 V; therefore, the
amplifier must handle such a high-amplitude signal while maintaining second- and
third-order harmonic distortion below -50 dB. Minimizing harmonic distortion is
crucial, as it helps preserve signal integrity. If the LNA introduces harmonic dis-
tortion, phase and amplitude information will become unreliable, compromising
the quality of signal reconstruction.

The LNA gain can be selected by the user among 15 dB, 18 dB, and 21 dB, de-
pending on the operating frequency and the distance of the tissues from the probe.
For deeper tissues, higher gain is required, and vice versa. The LNA bandwidth
must cover the ultrasonic frequency range, which varies from 1 MHz to 15-20
MHz, depending on the application. Since the system must be portable and battery-
powered, the LNA power consumption should not exceed 10 mW per channel.
Once the design specifications have been defined, a detailed analysis of various cir-
cuit architectures suitable for the implementation of the low-noise amplifier (LNA)
will be carried out. In particular, the non-inverting amplifier, the fully differential
amplifier, and the inverter-based amplifier will be examined, with the aim of eval-

uating their performance in terms of noise, linearity and power consumption.

Parameter UNIT VALUE

Equivalent voltage input noise(@3MHz) nV/\/Hz 4

LNA Gain (Selectable) dB 1518 21

Bandwidth (-3dB cutoff) MHz 0.1to 20

Input max voltage range mVpp 710 @15dB
500 @18dB
360 @21dB

HD2 (@5MHz) dB -50

HD3 (@5MHz) dB -50

Power consumption mW 10

Table 2.1: Design specifications.



2.2 Non-Inverting Amplifier

A non-inverting amplifier (Fig.4) is one of the most commonly used configura-
tions for Low-Noise Amplifiers (LNA) in signal acquisition systems, including
ultrasound imaging systems. This configuration is particularly valued for its high
input impedance, good voltage gain, and low sensitivity to variations in component

parameters. The fundamental architecture of a non-inverting LNA consists of:
* An Operational Amplifier (or Operational Transimpedance Amplifier(OTA));

» Feedback capacitors (Cj,, Cr) to define the gain. A resistive feedback network
can also used, but capacitive feedback is preferred to minimize thermal noise

introduced by the resistance;

* The resistor Rs, which serves as a feedback element to set the common-mode

voltage Vcum of the signal chain at the output node.
The voltage gain is given by:

Vout SCian
A = =14+-—— 2.1

Thanks to its high input impedance, this configuration allows the amplification of
signals from ultrasonic transducers without excessively loading the sensor, thereby
reducing signal loss and improving detection quality. Moreover, it enables gain ad-
justment, optimizing the signal level according to system requirements. However,

an excessively high gain can lead to stability issues and increased noise. The input-

R,
W
C

t |1

(@

1|

Vout
Vmo— +

Figure 4: Non-Inverting Amplifier.
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referred noise (V,) of an operational amplifier depends on its internal architecture
and components.

The LNA presented in [2], whose block diagram is shown in Figure 5, is imple-
mented as a Voltage Amplifier (VA) with high input impedance. Its performance
in terms of noise and bandwidth is, to a first approximation, independent of the
output capacitance of the MUT (C),). Similarly, the gain of the VA with capacitive
feedback, determined by the ratio of C; to C; for the first stage and C3 to Cy4 for
the second stage, is not affected by C,,. The input noise level was determined by
imposing the condition SNR > 0 dB within the bandwidth of the PMUT, ensuring
adequate image quality. The SNR was calculated by integrating the power spectral
density over the -3 dB bandwidth of the PMUT (ranging from 2 to 4 MHz in this

case), yielding:

4MHz
V= /2 Vnz,in df < .uSPS,min (22)

MH?z

where:
. Vn,inz represent the power spectral density of the input noise;
* us denotes the PMUT RX Sensitivity;

* Pg min refers to the minimum detectable input pressure.

\ ! \H\ ) Vour
L
1

Figure 5: Block diagram of two-stage solution. [2]
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Figure 6: Schematic of two-stage solution: (a) PMOS differential pair followed by
a level shifter, (b) Folded cascode Op-Amp with an NMOS input pair. [2]

The gain of the two-stage LNA can be adjusted by configuring the capacitance Cjs,
as shown in Fig. 5. The operational amplifier used in the first stage consists of a
PMOS differential pair followed by a level shifter (Fig. 6a), while the second stage
is implemented as a folded cascode operational amplifier with an NMOS input pair
(Fig. 6b). The first stage accounts for the majority of the noise contribution in the
signal chain, as the noise from the second stage is attenuated by the sufficiently
high gain provided by the first stage. Moreover, within the frequency range con-
sidered in this work, the thermal noise of the MOSFETSs can be made dominant
with respect to 1/f noise contributions by carefully selecting the amplifier configu-
ration and optimizing the transistor sizing.

An alternative is presented in [12], where, instead of using two amplifiers, a single

amplifiers is employed, thereby reducing power consumption (Fig. 7) The archi-
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Figure 7: Folded cascode input stage followed by Class-AB output stage. [12]

tecture consists of a folded cascode amplifier followed by a Class AB output stage,
implemented using high-voltage transistors. This design choice is particularly ad-
vantageous as it enables a high gain, a good frequency response, low distortion, and
high power efficiency. The adoption of the Class AB stage further enhances en-
ergy efficiency, making this configuration particularly suitable for battery-powered
portable systems. Moreover, it allows for a wide signal dynamic range (output
swing) and a reduction in distortion for high-amplitude signals, thereby improving
the quality of ultrasonic imaging. The LNA gain is determined by the capacitive
feedback. The input-referred noise was obtained by integrating the power spectral
density over the PMUT bandwidth, assuming that the gain of the folded cascode
stage is significantly higher than that of the Class AB stage. Consequently, the
folded cascode can be considered the dominant noise-contributing stage, leading

to an approximate input noise given by:

2 2 2 2
v vV
/ vgqmdf% / (v%l-l-gm; n2+8m82 ”5> df
Bw BW 8l 8mi

- ( 4kaY(BW)> <1+gﬁ+%) (2.3)

8ml 8ml  8ml
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where ky, represent Boltzmann’s constant, T denotes the absolute temperature and y
is the excess channel thermal noise coefficient. Given that the signal bandwidth for
ultrasound applications typically exceeds several megahertz, the dominant noise
contribution arises from thermal noise. The low-frequency flicker noise is ne-
glected in the calculations. To minimize the input noise, it is possible to maximize
the input transconductance gp,; and reduce the bandwidth. However, it is crucial to
find a trade-off between these parameters, ad a high transconductance may lead to
increased power consumption, while an excessively narrow bandwidth could limit
the amplifier’s frequency response, ultimately affecting the overall system perfor-

mance.

2.3 Fully-Differential Amplifier

A fully differential Amplifier (Fig.8) provides enhanced noise rejection improved
linearity, and a wider dynamic range compared to single-ended amplifiers. This
configuration is particularly advantageous for weak and high-frequency signals,
such as those generated by ultrasound transducers. A fully differential amplifier

processes differential signals, meaning it operates with two inputs and two outputs:

* Differential input: Vj,; and Vj,_;

Vout+

Vout-

Figure 8: Fully-Differential Amplifier.
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* Differential output: V,,;+ and V,,;;

* Common-mode voltage (CM): the average of the two output voltages, which
must be regulated through a Common-mode Feedback (CMFB) circuit to
stabilize the operating point.

The adoption of a fully differential architecture offers several beneficts, including:

* High common-mode noise rejection (high CMRR): power supply noise, envi-
ronmental interference, and crosstalk from other circuits are effectively sup-
pressed. This is particularly crucial in ultrasound imaging, where common-

mode noise can degrade the signal-to-noise ratio (SNR);

* Improved linearity and reduced harmonic distortion: second-order harmonic
distortion (HD?2) is significantly minimized, which is essential for preventing

artifacts in ultrasound images;

* Greater dynamic range(wider output swing): given the same supply voltage
(Vpp), a differential amplifier provides twice the dynamic range compared to

a single-ended configuration;

» Better immunity to offset variations: the use of differential feedback and a
Common-Mode Feedback (CMFB) circuit helps maintain symmetry between

the two branches of the amplifier, improving overall stability;

* Compatibility with pipeline ADCs and digital circuits: many high-speed
analog-to-digital converters (ADCs) require differential inputs. A fully dif-
ferential LNA eliminates the need for additional conversion stages, simplify-

ing system integration.
However, using a fully differential amplifier also presents some challenges:

* Increased circuit complexity: a fully differential amplifier requires a more
intricate biasing network than a single-ended configuration, as well as a bal-
anced pair of transistors and symmetric components to ensure optimal oper-

ation;

* Higher power consumption: in general, a fully differential amplifier draws
more current than a single-ended counterpart, as it powers two active branches
instead of one. This can be a significant drawback in battery-powered portable

systems, where energy efficiency is a critical parameter;
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Figure 9: Fully-Differential Amplifier: first stage is a common gate common
source (CGCS) circuit with source resistance feedback followed by Class-AB
stage. [13]

* More complex PCB layout design: to maintain symmetry between the two

branches of the differential signal, a more meticulous PCB design is required;

* Potential mismatch issues: Any discrepancies between the two branches can

introduce voltage offsets and degrade overall circuit performance.

The structure presented in [13] employs a fully differential amplifier with feedback
resistances RFP and RFN. The fist stage consist of a common-gate common-source
(CGCS) circuit with source resistance feedback (Fig. 9), ensuring a sufficiently
high open-loop gain. The transistors in the input pair of the common-source am-
plifier can be regarded as a combination of a voltage amplifier, which amplifies
the input signal, and a current amplifier, which amplifies the feedback signal, as
illustrated in the figure. Furthermore, the common-gate amplifier in the CGCS
stage enhances the difference between the input and feedback signals. The second
stage is a class AB amplifier, which serves as an output stage to improve the over-
all linearity of the system. The voltage gain A, of the fully differential amplifier
is determined by the ratio of the feedback resistances to the source resistance Rg.

The open-loop gain is primarly provided by the CGCS amplifier in the first stage,
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while the contribution from the second-stage class-AB amplifier remains relatively
low. As a result, the noise generated by the first stage is the dominant compo-
nent in the system’s overall noise performance. In cases where the output stage
noise can be neglected, the Input-Referred Noise (IRN) of the LNA or PGA can be

approximated by the following expression:

LRy ) 2
V2 g ™ 2(%) [4ky TY(gm1 + gm3) + COXWL?(gml +223)] (2.4)

where Ky represent the flicker noise coefficient, Cgox is the gate-oxide capacitance
per unit area, f denotes the flicker noise frequency, W and L correspond to the
MOSFET’s width and length, respectively, while g;,,; and g,,3 denote the transcon-
ductances of transistor M; and M3, respectively. From equation 2.4, it can be
observed that achieving low noise requires a high gn;. However, increasing gm;
leads to a higher gain-bandwidth product (GBW). which is essential for the am-
plifier given the bandwidth requirements for high-frequency ultrasound signals.
Furthermore, g, is directly related to the DC current, resulting in increased power
consumption. Consequently, the LNA implemented with a fully differential ampli-
fier exhibits a relatively high power consumption, primarily attributed to the CMFB
circuit and the necessity of duplicating the passive network. This may exceed the

specified design constraints for power consumption.

2.4 Inverter-based Amplifier

Inverter-based amplifiers employ CMOS inverters as gain stages, as an alternative
to traditional operational amplifiers based on differential pairs (Fig. 10). This ar-
chitectural choice offers significant advantages in terms of energy efficiency and
chip area reduction, owing to the simplicity of the circuit. However, this con-
figuration also presents certain limitations, including a lower gain compared to
multi-stage operational amplifiers and higher harmonic distortion, primarily due
to the absence of strong negative feedback. This latter aspect is particularly crit-
ical in ultrasound imaging applications, where signal quality is of utmost impor-
tance. Additionally, the biasing stability is sensitive to variations in the manufac-
turing process, supply voltage, and temperature (PVT), necessitating compensation

strategies to ensure reliable operation. The use of an inverter-based Low-Noise
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Amplifier (LNA) represents a promising solution for ultrasound receivers, as it
enables power efficiency optimization and enhanced chip integration. However,
the design of these amplifiers poses significant challenges, particularly in terms
of bias stabilization, gain control, and robustness against PVT variations. To en-
hance circuit performance, a fully differential topology can be adopted, offering
a higher Common-Mode Rejection Ratio (CMRR) compared to single-ended con-
figurations, thereby improving immunity to common-mode interference. In this
context, the inclusion of a Common-Mode Feedback (CMFB) circuit is essential
for stabilizing the output common-mode voltage, ultimately enhancing the overall
CMRR and ensuring a higher-quality amplified signal. The Input-Referred Noise
(IRN), whose minimization is crucial for achieving high system sensitivity and

accurate amplification of low-amplitude ultrasonic signals, is derived as follows:

8k, T
V2 = ot (1+ S5 ) 2.5)
gml +gm3 8ml +gm5

Since the signal bandwidth for ultrasound applications typically exceeds several
MHz, the dominant noise contribution comes from thermal noise. Low-frequency
flicker noise is neglected in the calculation. To minimize the input-referred noise,
Ms can be carefully sized to reduce its noise contribution while maximizing the

input transistors.
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Figure 10: Fully-Differential inverter-based Amplifier. [14]

18



Chapter 3

LNA Design

In this chapter, the design of the low-noise amplifier (LNA) will be analyzed, with
a particular focus on the single-ended configuration. This choice is driven by the
need to optimize both power consumption and area, which are critical factors in
the design of integrated circuits for high-performance applications.

Subsequently, the design of an inverter-based LNA will be developed and evaluated
to assess its behavior concerning the project requirements. Finally, a comparison
between the different configurations will be conducted to determine which one best

meets the design specifications and delivers the highest overall performance.

3.1 Single-ended Voltage LNA

The most suitable solution for the single-ended amplifier is the use of a non-
inverting configuration, combined with a capacitive feedback network (Fig. 11).
This section presents a detailed analysis of the operation and characteristics of ca-
pacitive feedback, highlighting its advantages in terms of gain, frequency response,

and overall noise performance of the system.

3.1.1 Capacitive Feedback

For this project, the optimal choice is to adopt a capacitive feedback instead of
a resistive one, in order to avoid additional noise, in compliance with the design
specifications. However, a feedback resistor has been introduced to close the feed-

back loop in DC. Since the resistor introduces thermal noise with a power spectral
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Figure 11: Single-Ended Non-Inverting Amplifier.

density of 4kpTR, its contribution to the total noise depends not only on its re-
sistance value but also on the bandwidth over which this noise is integrated. By
increasing the resistance, the associated RC time constant becomes larger, thus re-
ducing the bandwidth and limiting the amount of thermal noise integrated at the
output. Therefore, using a high resistance value helps to minimize the total noise
contribution, although it results in increased area consumption. To make the par-
asitic capacitance of the input MOS transistor negligible, a feedback capacitance
of C¢ = 7pF has been selected. Increasing this value excessively would lead to un-
necessary current consumption required for charging. According to the bandwidth
specifications (see Table 2.1), the first pole of the transfer function must be lower
than 100 kHz:

o < 100kHz

- 27'L'CfRf

1

Rr> —— = 227kQ (3.1)
! 27'L'Cffp1

A capacitance of Cj,, = 32.2pF was also selected in order to achieve a gain of 5.6 (15
dB). The use of capacitive feedback offers several advantages, such as a reduction
in thermal noise compared to its resistive counterpart; however, it also introduces

some significant design challenges, including:

* Slew Rate and Capacitive Loading: the feedback capacitors must be charged
and discharged rapidly, especially at the high frequencies required for ultra-
sound imaging. This increases the required slew rate and may lead to higher
current consumption in the transistors to ensure fast response. Furthermore,

if the transistors are not properly sized, the circuit may fail to track rapid
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signal variations, thereby limiting the usable bandwidth;

* Potential Instability and Nonlinear Effects: the combination of feedback ca-
pacitance and parasitic impedances can introduce unwanted poles and ze-
ros, affecting the stability of the amplifier. In addition, MOS capacitors may
exhibit voltage-dependent capacitance, introducing nonlinear distortion that
could degrade the quality of the amplified signal;

» Lack of DC Stabilization: a purely capacitive feedback does not provide a
DC path, making it difficult to establish the amplifier’s operating point. In
particular, the design goal is to center the output at 1.25 V while biasing
the gates of the input transistors at 0.9 V, in order to ensure an appropriate
operating point for all transistors in the first stage.

One way to set a DC gain value is to use a resistor triangle as a feedback network,

as shown in the Figure 12. By calculating the DC gain, we obtain the following

expression
You _ 1 4 Bit _ | 389
Vin DC
Obtaining:
Rpc =2.57R 1 (3.2)

Let us now return to the single R¢ branch to size the resistors in such a way that the

low-frequency pole is placed below 100 kHz, thus obtaining an equivalent feed-

Vin

Vin oO—

b)

Figure 12: a) Closed-Loop configuration with T-Resistance feedback, b) Closed-
loop configuration in DC since the capacitance in DC are short circuit. [12]
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back resistance. The equivalence can be determined through the following calcu-
lations.
Ry =Rp+Rpi||Rpc (3.3)

From Eq. 3.1 to place the pole below 100kHz, Rf must be greater than 227k€Q. By
arbitrarily setting R¢; = Rgy and using Eq. 3.2, the DC gain can be set

Rf IRf1 (1 +0.7) > 227k

Rfl :sz > 134k

Since a higher feedback resistance generates less noise, Rfj =R =200k€2 and Rpc=514kQ
were selected. The equivalent Ry is therefore 344kQ), and the low-frequency pole

is located at 66 kHz. Obtaining a transfer function as follows:

Ry.R¢
1+S(C +C;, 52 Sl )

V. R fR AR +R MR AR
out (S) (1 f2> dc 12 d f1 (3 l)

Ry, 1+ SCfsz

in

Regarding the choice of the type of capacitor to use, there are essentially two op-
tions in the employed technology: P-sub/N-well capacitors or Metal-Oxide-Metal
(MOM) capacitors. The P-sub/N-well capacitor is based on the junction between

the N-well and the P-SUB substrate. Its characteristics are as follows:

* High capacitance density (pF/mm?): it allows for a relatively high capaci-

tance per unit area;
* Compact layout: being integrated into the substrate structure, it saves space;

* Easy to implement in standard CMOS process: it does not require additional

layers or masks, making it compatible with low-cost processes;

* Voltage dependence: being a PN junction, the capacitance varies with the

applied voltage, which can introduce non-linearity;

* Low precision: the variation with voltage makes it difficult to achieve precise

and stable values.

In contrast, regarding MOM capacitors, they are structured on a series of interdig-

itated fingers between multiple metallic layers, separated by a thin dielectric layer
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(such as S;0,). They function as an array of parallel capacitors between the metals.

Their characteristics are as follows:

High linearity: its capacitance is practically independent of the applied volt-

age;

* Low losses: it has significantly better insulation compared to P-SUB/N-well

capacitors;
» Lower capacitance density compared to P-SUB/N-well;

* Scalability: it can be fabricated with multiple metal layers to increase capac-

1tance;

* Technology dependence: capacitance per unit area is highly dependent on

the manufacturing processes.

To ensure high linearity of the circuit, the implementation of Metal-Oxide-Metal
(MOM) capacitors has been adopted. This design choice is based on the proven
reliability and stability of MOM capacitors compared to other integrated solutions,
particularly in their behavior under varying signals and at high operating frequen-
cies, making them particularly suitable for use in high-performance analog circuits,
such as those required in ultrasound imaging systems.

At this stage of the work, the amplifier will be implemented in order to experimen-
tally evaluate its performance. In particular, a detailed analysis of the frequency
response will be conducted, with the aim of verifying its consistency with theoret-

ical predictions and project specifications.

3.1.2 Folded Cascode + Class-AB stage

The topology used to implement the amplifier is a folded cascode with class AB
output stage. The proposed circuit is shown in Figure 13. The choice of a Folded-
Cascode architecture is motivated by its high output impedance, which facilitates
efficient signal transfer to the second Class-AB stage. This configuration ensures
optimal interfacing between the two stages and contributes to noise reduction—an
essential requirement when amplifying weak signals, as typically encountered in
ultrasound imaging applications.
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Figure 13: Schematic diagram of single-ended LNA. [12]

Another advantage of this topology lies in the possibility of decoupling the bias-
ing of the input and output branches. This allows for the optimization of the input
transconductance, maximizing it to reduce the overall noise and to fine-tune the
output impedance. As a result, the circuit benefits from improved stability and re-
duced interference.

To limit power consumption, the MOS transistors in the first stage are designed
to operate with a reduced supply voltage of 1.2 V. However, to accommodate the
requirement of a 1 V peak-to-peak output swing centered at 1.25 V, the second
stage operates from a higher supply voltage of 2.5 V, ensuring sufficient voltage
headroom for proper transistor operation.

The Class-AB output stage is designed so that both the PMOS and NMOS devices
operate in signal amplification mode. Specifically, the gate of the PMOS can fol-
low the signal variations thanks to the capacitive coupling C,;, with the NMOS gate.
During a positive slew rate, when the PMOS is required to supply increased cur-
rent, the output voltage rises, causing a decrease in the gate voltage of the NMOS,
and consequently, in the gate voltage of the PMOS as well. This mechanism holds
true as long as the capacitor C,, behaves as a short circuit at the signal frequency.
To ensure this condition is met, C,;, and its associated resistor R, must be properly

sized so that the resulting pole is located at least one decade below the minimun
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signal frequency, which is IMHz[12].
With regard to the open-loop gain, it must be sufficiently high in order to ensure
greater accuracy of the closed-loop gain. The closed-loop gain of a feedback am-

plifier is given by:
Aol

- 1 —l—AolB

Where A, denotes the open-loop gain and 3 represents the feedback factor. When

Ay (3.5)

Ao 1s sufficiently high, the closed-loop gaincA. becomes largely independent of
variations in Ay and is instead determined almost exclusively by the passive com-
ponents of the feedback network.

Regarding bandwidth considerations, the goal is to amplify signals with frequen-
cies up to at least 10 MHz. Consequently, the amplifier’s bandwidth should extend
at least one decade beyond the signal frequency, i.e., up to 100 MHz.

In terms of phase margin, a minimum value of 60° under typical operating con-
ditions is desired to ensure system stability and prevent oscillations. A sufficient
phase margin also improves the transient response, reducing overshoot and ringing
in the impulse response.

When capacitive feedback is employed, the high-frequency behavior of the am-
plifier is significantly influenced by both the feedback and parasitic capacitances.
This may lead to a reduction in the effective phase margin; therefore, designing
for an initial phase margin of at least 60° provides a safety margin to ensure sta-
bility under real-world conditions, which may deviate from idealized simulation

assumptions.

3.1.3 Frequency Response and Compensation

The small-signal equivalent circuit of the two-stage LNA (Fig. 13) can be repre-

sented by a simplified diagram, as shown in Fig. 14. Each stage is represented by a

Vv Cc R Vv
out1 ” N ) J- gut
Im1,2%in3 Routt -|-C1 (9m10+9m1s) Vour Rout2'|'Cz

Figure 14: Small signal equivalent circuit of a the LNA.
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voltage-controlled current soruce, with an output resistance and a load capacitance

connected in parallel. The DC gain is given by the product of the gains A; and Aj;:

Aylpc = A1A2 = gm1 2Rour1 (8m10+ &m13) Rourz (3.6)

The two RC networks introduce two poles, with their respective angular frequen-

cies given by:

1
W, = — ~ (3.7)
?l (3 Cc (gml() +gm13)R0ut2R0utl
(8m10+8&m13) Ce
a) = 3.8
r2 7 CiC+(C+C)C, G:9
and a zero located at .
o, ~ (3.9)

1
Ce (gm10+gm13 RZ)

We know that the output resistances of the two stages are given by the parallel
connection of the rqs. The load capacitances result from the parasitic elements of
the transistors used and, possibly, from the capacitance that charges the output. By
neglecting the effect of the capacitances C, and R, the two poles introduced by
the two RC networks would be relatively close to each other, potentially leading
the system to instability (Fig. 15). Since the circuit does not exhibit a domi-

nant pole, it was necessary to introduce a compensation network. By using the

IAvlasA
Avloc
E -20dB/dec
E -40dB/dec
0dB - - >
Wp1 Wyo \ log(w/wp)

Figure 15: Bode plot of the amplifier without compensation network: the Bode plot
highlights the instability of the system in the absence of a compensation network.
The two poles introduced by the folded cascode input stage and the class-AB out-
put stage are located at relatively close frequencies.
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compensation capacitance C, and the resistance R_, it was possible to shift the first
pole toward lower frequencies and, simultaneously, move the second pole toward
higher frequencies, thereby improving the stability of the system. Furthermore, the
resistance R, prevents the zero introduced by the compensation capacitance from
being located in the right half of the s-plane. If this zero were to be close to the
unity gain frequency (wr), it could significantly alter the frequency response in
the region around the 0 dB crossover, thereby degrading the stability conditions
in terms of phase margin. Through the introduction of the compensation network,
the frequency response of the amplifier can be described by the following transfer

function:

l+sit(—L——R
Vour + Ce \ &m10+8&m13 <

=A,|pc
V| 1 +s 1 1 + s (g17110+grnl3)cc
(&m10+8m13)Rour2Rour1Ce C1G+(C1+G)Ce

(3.10)

in

This expression allows for an accurate modeling of the circuit’s dynamic behavior,
highlighting the presence of two complex poles and one zero, the position of which
directly depends on the compensation parameters adopted. Figure 16 illustrates the

resulting frequency response, clearly showing the presence of the zero and the two

IAvlgsA
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Figure 16: Frequency response of the amplifier with compensation network: the
plot highlights the presence of a zero and two complex poles introduced by the
compensation network, which contribute to stabilizing the dynamic behavior of
the circuit.
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complex poles. In this way, the stability of the amplifier can be ensured over the
entire range of operating frequencies.

Before performing the Fourier transform of the output signal, it is necessary to
understand the relationship between second-order harmonic distortion (HD2) and

third-order harmonic distortion (HD3) in order to achieve the desired values.

3.1.4 Harmonic Distortions

Harmonic distortions are an undesirable effect that occurs in nonlinear electronic
circuits, such as amplifiers. In particular, second-order harmonic distortion (HD2)
and third-order harmonic distortion (HD3) are two of the main components of the
total distortion in a system. HD?2 arises when the amplifier circuit introduces a
spurious component at twice the frequency of the input signal. This phenomenon
is primarily caused by asymmetries in the circuit’s behavior, such as an asymmetry
in the characteristics of the active device, such as transistors.

Third-order harmonic distortion (HD3) can become evident when the output signal
assumes an approximately triangular shape. This typically occurs when the ampli-
fier operates in slew-rate limiting mode, i.e., when the rate of change of the output
signal exceeds the maximum dynamic speed the circuit can sustain. Under these
conditions, the ideal sinusoid is distorted, adopting a sharper, triangular waveform,

which is characterized by the predominant presence of odd harmonics. Among
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Figure 17: a) High compliance current mirror of the first stage tail generator,
b)High compliance current mirror of the first stage head generator. [12]
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these, the third harmonic (HD?3) is particularly significant, as it represents the first
nonlinear component generated by the cubic nonlinear symmetries present in the
system.

To achieve harmonic distortions that meet the specifications, the idea is to reduce
the effect of channel voltage modulation in the current generators in order to in-
crease their channel resistance, particularly for the tail generator of the first stage
and that of the second stage. Increasing their length alone is insufficient and also
worsens the phase margin, as parasitic capacitances increase. The cascode consid-
ered in the first stage is shown in Figure 17. In the cascode of the first-stage tail
current generator (Fig. 17a), there is an increase in HD2, which reduces the loss
of gain caused by a low tail resistance. However, this results in a deterioration of
HD2 due to the fact that the gate of the MOS of the tail can capacitively couple
with the signal from the source of the input MOS (via Cgy). Furthermore, if the
bias node is not low-impedance, it suffers signal modulations, further degrading
linearity. On the other hand, implementing a cascode in the tail current generator
does not yield improvements, as it results in a voltage Vpg that is too low for the
upper current-generation MOS transistors.

However, implementing a cascode in the current generator of the second stage (as
shown in Fig. 18) significantly reduces HD2, due to the stabilization of the Vpg of

the current-generating transistor, thereby improving its linearity.
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Figure 18: High compliance current mirror of the second stage. [12]
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In conclusion, the use of the cascode is advantageous only for the second stage.
This is consistent with the fact that, in this stage, a higher supply voltage is avail-
able, whereas in the first stage, it was necessary to significantly increase the W/L
ratio of the current mirror to accommodate such a low supply voltage.

At this stage, the design of the inverter-based LNA will be carried out, analyzing its
behavior in detail and evaluating its performance through circuit-level simulations.
The objective is to assess whether this architecture can meet the gain, bandwidth,
power consumption, and linearity requirements demanded by ultrasound imaging

applications.

3.2 Fully-Differential Inverter-Based LNA

Another possible implementation of the LNA is the fully-differential inverter-based
topology. A fully differential inverter-based amplifier can be implemented by re-
placing the PMOS input pair of a generic common-source amplifier, shown in Fig.
19a, with the inverter input pairs illustrated in Fig. 19b. This approach leverages
both active transistors to maximize transconductance and achieve improved area

and power efficiency. For the circuit to function correctly as an amplifier, it is
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Figure 19: a) Common-Source Differential Amplifier, b)Inverter-Based Differen-
tial Amplifier. [14]
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essential that transistors M1, M2, M3, and M4 operate in the saturation region, a
necessary condition to ensure proper amplification. The differential output volt-
ages, Vou+ and Vg, are fed back to the gates of transistors M5 and M6, which
serve as common-mode voltage stabilizers. Specifically, MS and M6 operate in the
linear region, behaving as voltage-controlled resistors, thus enabling the detection
and regulation of the common-mode component present at the circuit output [14].

If the transistors are perfectly matched, the open-loop gain is given by:

Voul
Vin

Av|DC = = 2(gm1 +gm3> (rdsl || rds3) (3.11)

According to Eq. 2.5, in order to achieve a low input-referred noise (IRN), it is nec-
essary to maximize the input transconductance. One effective way to accomplish
this is by increasing the bias current Igg, thereby enhancing the transconductance
and, as a result, improving the gain-bandwidth product (GBW). However, increas-
ing the bias current may also lead to a reduction in the output resistance, potentially
degrading the open-loop gain. Therefore, a trade-off must be carefully established
among GBW, IRN, and gain. With this design approach, a gain of approximately
49 dB was achieved, along with a GBW of 300 MHz and a phase margin of 70°.
A gain of 49 dB (corresponding to a linear gain of approximately 280) is relatively
high for a single-stage amplifier. Nevertheless, in applications such as ultrasonic
imaging, where the input signals are typically very weak, a higher overall gain or
improved accuracy may be required to ensure an adequate signal-to-noise ratio.
To further increase the open-loop gain, a cascode configuration was introduced,
as shown in Fig. 20, by incorporating transistors M7 - Mjg. This design choice
increases the output impedance of the circuit, thereby enhancing the overall gain

performance:

Ayv|pc =2(8m1 + 8&m3) (Fas18moraso||ras3g@mirast) (3.12)

However, an additional critical issue to consider is the common-mode swing. Since
the two input transistors share the same biasing node, the common-mode voltage
can limit the proper operation of the circuit. Specifically, transient analysis reveals
that, when large input signals are present, the output signal is not amplified cor-
rectly, leading to saturation or clipping issues.

To mitigate this effect, it is possible to reduce the common-mode swing by separat-
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ing the gates of the input transistors and biasing them individually with two distinct
voltages, Vnp, and Vpy, applied through the resistors Ry,. Moreover, to guarantee an
adequate voltage headroom and support a larger output dynamic range, the circuit
operates from a 2.5 V supply voltage. This choice allows the MOS transistors to
remain in the saturation region even for large output swings, thereby preserving the
linearity and amplification capability required for ultrasound imaging applications.
This solution improves the linearity of the circuit and ensures an adequate dynamic
range of the output signal, even in the presence of large input signals. By separat-
ing the gates of the input transistors and biasing them with two distinct potentials,

it became necessary to divide the input capacitors and the feedback capacitors into
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Figure 20: Schematic of a Fully-Differential inverter-based LNA in closed-loop
configuration, with separated gate polarization and additional transistors. [14]
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two identical pairs. In this way, the mid-band gain can be expressed as:

1/Ch G Ci
Ay== (=t =2) = (3.13)
2 Cfl sz Cf
Considering
Ci Cp Ci
Cri Cp  Cy

In order to maintain the circuit’s input impedance unchanged, it is necessary to
halve the input capacitors of each branch, as well as the feedback capacitors, com-
pared to the original configuration. This adjustment helps preserve the overall area
occupied by the capacitors [15].

Under these conditions, the transfer function of the circuit, considering the effect

of the bias resistance Ry, can be expressed as:

VOMI
Vin

o C,' SC,'R[,
B Cf 1 ‘f—SC,'Rb

(s) (3.14)

The obtained expression highlights the presence of a zero at the origin and a real

1
CiRy>

cies, the transfer function increases linearly with frequency (high-pass behavior),

pole at s = due to the presence of the bias resistance R;. At low frequen-
and then stabilizes at a constant value determined by the ratio between C; and Cy,
which represents the mid-band gain. However, at higher frequencies, an additional
pole may appear, generated by parasitic capacitances or by the intrinsic limita-
tions of the active devices. The presence of this second pole alters the circuit’s
response, resulting in a band-pass behavior. This effect imposes a limitation on the
amplifier’s effective bandwidth and may degrade its response to high-frequency
ultrasound signals. The next chapter will present and discuss the simulations per-
formed, along with the obtained results.

33



Chapter 4

Simulation Results

This section presents the simulation results related to the design and optimization
of the proposed LNA architectures. All simulations were conducted using Ca-
dence Virtuoso, an advanced electronic design automation (EDA) platform widely
adopted for the analysis and verification of analog and mixed-signal integrated cir-
cuits. The technology used for circuit implementation is a 40 nm CMOS process,
chosen for its excellent trade-off between performance, power consumption, and
integration density.

The transistor sizing was primarily carried out by adjusting the geometric param-
eters of length (L) and width (W). No strict constraints were imposed on the mul-
tiplicity (M) or the number of fingers, in order to allow greater flexibility during
the performance tuning phase. It is important to note that, although not strictly
constrained, these parameters were carefully considered during the design process,
as they significantly affect factors such as device matching, parasitic capacitances,
channel resistance, linearity, and overall layout area.

The simulations performed include several fundamental analyses aimed at validat-

ing the overall performance of the system. Specifically:

* DC analysis: performed to determine and verify the correct biasing points of

the transistors in each proposed configuration;

* AC analysis: conducted to evaluate the amplifier’s frequency response, with
particular attention to the passband and phase margin, across a frequency
range that includes and extends beyond the operational bandwidth typical of

PMUTs (Piezoelectric Micromachined Ultrasonic Transducers);
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 Transient analysis: carried out to observe the LNA’s dynamic response to
sinusoidal input signals and to verify time-domain stability. This type of
simulation is particularly useful for emulating the system’s behavior when
receiving signals from a PMUT, where the wave amplitude and phase vary
depending on the target distance and the propagation medium characteris-
tics. These simulations thus allow for assessing the amplifier’s suitability for

ultrasound imaging applications under realistic operating conditions;

* Spectral analysis: performed to analyze the harmonic content of the output
signal and to quantify harmonic distortions (HD2, HD3). This analysis is
crucial for evaluating the integrity of the amplified signal and the impact of

circuit nonlinearities on overall system performance;

* Noise analysis: conducted to estimate both the equivalent output noise and
the input-referred noise (IRN). The latter represents a critical metric for eval-
uating the amplifier’s sensitivity, particularly in ultrasound imaging applica-

tions, where the received signals are extremely weak.

In the following sections, the results obtained from the simulation analyses de-
scribed above will be presented and discussed in detail, with particular focus on
the parameters most relevant to the performance evaluation of the designed LNA

circuits.

4.1 Simulation Results of the Single-Ended LNA

This section presents the simulation results for the single-ended LNA architecture.
The main performance aspects, including DC operating point, frequency response,
transient behavior, harmonic distortion, and noise performance, are analyzed in

detail in the following subsections.

4.1.1 DC analysis

Regarding the DC analysis, the optimal operating point of the circuit is achieved
when all the transistors operate in the saturation region. By analyzing the in-
put common-mode constraints and the output swing, it is observed that the input

common-mode voltage can reach relatively high values without compromising the
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Figure 21: Schematic of the single-ended LNA.

correct operation of the circuit. This is made possible by the bias voltage V31,
which sets the potential at nodes 1 and 2 (Fig. 21) to a sufficiently high level, en-
suring that the input transistors M; and M, remain in saturation even for elevated
input common-mode levels. The lower limit for the input common-mode voltage
is instead determined by the condition under which transistor M7 exits saturation
and enters the triode region. As for the output swing, it is governed by the proper
operation of the Class-AB output stage, composed of transistors M3 and M. The
bias voltage Vg, must be set such that M3 remains in the saturation region. In
this way, the maximum positive swing is determined by the sum of the saturation
voltages of M3 and M;;. Conversely, the lower swing limit is set by the minimum
voltage that keeps Mo in saturation; below this threshold, Mo would enter the

triode region.

4.1.2 Frequency Analisys

To characterize the amplifier’s frequency response and assess its stability, both an
AC small-signal analysis and a Stability (STB) analysis were carried out using
Cadence Virtuoso. The frequency range adopted for the AC analysis spanned from

1 Hz to 1 GHz, thereby extensively covering the amplifier’s operational bandwidth
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for PMUT-based applications and ensuring a detailed description of its frequency
behavior.

To evaluate the stability of the feedback system, an STB analysis was employed.
This analysis allows for the extraction of the open-loop gain, or loop gain, defined

as
Aloop = Aolﬁ

This quantity represents the overall gain along the feedback path and is critical for
determining the gain margin and phase margin, which are key indicators of the
stability of a closed-loop system. The analysis was performed by inserting an ideal
voltage source (Vpc) between the inverting input of the amplifier and the feedback
node, as shown in Fig. 22. The voltage source is configured with a DC component
of 0 V and an AC magnitude of 1, so as not to disturb the DC biasing point while
allowing the injection of a sinusoidal AC signal for analysis.

Vpc was directly used as the probe point for the STB analysis, without the need to

insert an additional iprobe element. This approach allows:

* Non-invasive analysis of the loop gain, without physically breaking the feed-

back loop;
* Differential AC signal injection;

* Extraction of the Bode plot for the loop gain (A,;) and its corresponding
phase.

Figure 22: Schematic representation of the amplifier configuration used for loop
gain analysis. The ideal voltage source Vpc, with DC =0V and AC = 1, is inserted
between the inverting input and the feedback network. This setup allows perform-
ing STB analysis to extract the loop gain (4,;8) and evaluate the stability of the
closed-loop system.
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Figure 23: Frequency response of the Open-Loop single-ended amplifier.

The results obtained from the STB analysis reveal the open-loop frequency be-
havior of the feedback system, showing an initial gain of 80 dB, a gain-bandwidth
product (GBW) of 107.89 MHz, and a phase margin of 60.42°, as illustrated in Fig.
23. These values indicate that the system is stable under the considered operating
conditions.

After verifying the stability of the system, the closed-loop frequency response
of the amplifier was analyzed. For this purpose, the ideal voltage source was re-
moved, thus closing the feedback loop, and a sinusoidal input signal was applied
to observe the output behavior. The results obtained are consistent with those pre-
dicted by Eq. 3.4 (Fig. 24): a DC gain of 2.85 dB (corresponding to a linear gain
of 1.389), the presence of one zero and one pole, a midband gain of approximately
15 dB, and a —3 dB bandwidth of 248.66 MHz, all in agreement with the design
specifications listed in Table 2.1. The next step involves the transient analysis, to

evaluate the amplifier’s behavior when subjected to a sinusoidal input signal, and,
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Figure 24: Frequency response of the Closed-Loop single-ended amplifier.
subsequently, the spectral analysis to assess its harmonic distortion.

4.1.3 Transient analisys

To evaluate the dynamic behavior of the amplifier and assess its linearity and re-
sponse to sinusoidal inputs, a transient simulation was performed in Cadence Vir-
tuoso. The transient analysis allows observation of the circuit’s time-domain be-

havior, providing fundamental information regarding:
* The dynamic response to input signals;
* The distortion of the amplified signal;
» Steady-state stability;
» The fidelity of the output waveform relative to the input.

The simulation was configured by applying a sinusoidal input signal with a mod-

erate amplitude, representative of a typical operating condition where the PMUT
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Figure 25: Transient simulation showing the input signal V;, and the output signal
Vour- The amplifier exhibits a clean sinusoidal output centered at 1.25 V with an
amplitude of approximately 2 Vp,;,, matching the input frequency of 5 MHz.

is positioned close to the target and generates a relatively stronger echo compared

to more distant scenarios. Specifically:

e Input signal V;,: sinusoid centered at 0.9 V, 360 mV, amplitude, 5 MHz

frequency;

* Simulation time: 20 us, sufficient to observe several steady-state periods and

identify any transient anomalies;

* Operating conditions: nominal supply voltage, nominal bias settings, no in-

tentional injection of noise or disturbances.

The signals V;, and V,,; were captured simultaneously, as shown in Fig. 25. From

the transient simulation results, the following observations can be made:

* The output signal V,,; maintains a clean sinusoidal shape, consistent with the

input, with no evident signs of clipping, compression, or saturation;
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* The measured amplitude gain between V;, and V,,,; matches the expected de-
sign value: the output is centered around 1.25 V with a peak-to-peak ampli-

tude of approximately 2 V,p;

* The output frequency perfectly matches the input frequency (5 MHz), con-
firming that the amplifier performs linear amplification without altering the

fundamental frequency.

The transient simulation confirms that the amplifier operates correctly in the linear
regime, providing adequate amplification of the sinusoidal input without exhibiting
saturation, clipping, or instability. The quality of the output waveform suggests
faithful amplification with no macroscopic distortion, laying a solid foundation for
the subsequent analyses of harmonic distortion and noise performance, which will
be discussed in the following sections.

After confirming the correct dynamic operation through transient analysis, the next
step is to assess the harmonic distortion performance for a detailed evaluation of

the amplifier’s linearity.

4.1.4 Spectral analysis and harmonic distortion

Following the transient analysis, the amplifier’s linearity was evaluated through the
analysis of harmonic distortion. This evaluation is based on observing the output
waveform and identifying any deviations from an ideal sinusoid, which suggest the
presence of undesired harmonic components.

To quantify these distortions, a discrete Fourier transform of the output signal
was performed, implemented via the Fast Fourier Transform (FFT) tool integrated
within the Cadence environment. This technique allows the signal to be trans-
formed from the time domain into the frequency domain, making the spectral com-
ponents of the signal readily visible.

However, the use of FFT introduces some limitations due to the finite nature of
the analyzed signal. When the number of captured signal periods is not an inte-
ger, artificial discontinuities are introduced at the time window edges, leading to
spectral leakage. This phenomenon can result in an overestimation of harmonic
components or a loss of spectral resolution.

To mitigate such effects, a windowing function was applied prior to performing

the FFT. In particular, a Hanning window was adopted, due to its favorable trade-
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Figure 26: Output frequency spectrum obtained through Fast Fourier Transform
(FFT) analysis. The plot highlights the fundamental component at 5 MHz, along
with the second- and third-order harmonics at 10 MHz and 15 MHz, respectively,
both exhibiting significantly lower amplitudes compared to the fundamental. This
analysis allows for the evaluation of harmonic distortion introduced by the ampli-
fier and confirms the good linearity of the designed circuit.

off between frequency resolution and sidelobe attenuation, making it effective for
most practical cases. Windowing reduces the amplitude of discontinuities at the
sequence edges, thus avoiding the spreading of spectral energy across adjacent fre-
quencies and improving the readability of the harmonic content.

The analysis was performed considering 17 periods of the signal, with a sampling
frequency of 2.5 GHz and using 8192 samples. The resulting spectrum is shown in
Fig. 26. Clearly observable are:

* The fundamental component at 5 MHz with an amplitude of -5.9 dB;
e The second harmonic at -58.44 dB;

¢ The third harmonic at -64.28 dB.
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From these results, the following metrics were extracted:

* Second-order harmonic distortion (HD2): 52.53 dB;
e Third-order harmonic distortion (HD3): 58.37 dB;

e Total harmonic distortion (THD): -50.73 dB.

These results demonstrate that the designed circuit exhibits excellent linearity, with
harmonic distortions well below the acceptable threshold for ultrasound imaging
applications, fully meeting the design specifications summarized in Table 2.1.

After completing the characterization of harmonic distortions, it is now essential to
analyze the amplifier’s noise performance. Noise represents a fundamental limit to
the overall system sensitivity, especially in ultrasound imaging applications, where
the received signals are extremely weak. The following analysis focuses on eval-
uating the equivalent input and output noise of the amplifier, in order to verify
compliance with the design specifications and ensure high-quality signal acquisi-

tion.

4.1.5 Noise analysis

Noise analysis plays a crucial role in evaluating the performance of a low-noise
amplifier (LNA), as the noise introduced by the circuit adds to the useful signal,
reducing the signal-to-noise ratio (SNR) and consequently degrading the quality of
the images acquired in the ultrasound imaging system..

To assess the noise contribution of the amplifier, a noise simulation was performed
in the Cadence environment, configured to provide both the output-referred noise
spectral density and the input-referred noise spectral density. The latter is of partic-
ular interest, as it allows the entire noise contribution of the circuit to be expressed
as if it were directly present at the system input, enabling a direct comparison with
the signal level generated by the PMUT.

The simulation was carried out over a frequency range from 1 Hz to 1 GHz.
To obtain the input-referred noise curve, the output noise was normalized by the

frequency-dependent gain according to the relation:

o Vn,out(f)
)=

where:
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* Vo (f) is the output noise spectral density [nV//Hz];
* A,(f) is the amplifier gain at frequency f;
* Vuin(f) is the input-referred noise spectral density.

This transformation enables the evaluation of the circuit noise as if it were present
directly at the input and represents a fundamental metric for comparing the LNA
with other designs or target specifications. Figure 27 and Fig. 28 show the input-
referred noise and the equivalent output noise spectra, respectively. Both curves
exhibit the expected behavior for a CMOS amplifier:

» At low frequencies, an increase in noise with a 1/f trend, typical of flicker

noise, is observed;

* Above 100 kHz, both curves stabilize, showing a white noise floor due to

thermal noise.

The minimum value in the white noise region is approximately 2.5 nV/\/Hz, lo-
cated around the frequency of interest (3 MHz), which is a key metric for evaluat-

ing the circuit’s sensitivity. This value is consistent with expectations for an LNA
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Figure 27: Input-referred noise spectral density of the designed LNA. The curve
shows a clear 1/f noise behavior at low frequencies, followed by a flat thermal
noise floor at higher frequencies.
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Figure 28: Equivalent output noise spectral density of the LNA. The graph high-
lights the same two region observed in the input-referred noise: low-frequency
flicker noise and high-frequency white noise.

optimized in CMOS technology.
Achieving low noise spectral densities was made possible through careful design
choices, including:

* the use of input transistors with high transconductance;
» careful selection of the bias point to maximize linearity and SNR;
* minimization of bias and feedback resistances.

The comparison between the two graphs confirms the consistency between the out-
put noise and the input-referred noise, obtained by dividing the former by the gain
as a function of frequency. The good agreement between the curves demonstrates
the proper design of the feedback loop and the stability of the gain across the useful
bandwidth.

The minimum input-referred noise value is fully compliant with the project spec-
ifications reported in Table 2.1. Thus, the analysis demonstrates that the designed
amplifier not only ensures high linearity (as discussed in previous sections) but also

achieves excellent noise performance, which is critical for high-precision medical
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imaging applications. With the noise analysis of the previous design completed,
attention is now directed toward a fully differential inverter-based LNA, whose
schematic, biasing considerations, and dynamic performance will be thoroughly

analyzed.

4.2 Simulation Result of the Inverter-Based Fully-
Differrential LNA

The simulation results of the inverter-based fully differential LNA are discussed in
this section. The analysis starts from the DC operating conditions to ensure correct
device biasing, and then proceeds to characterize the circuit’s frequency response,

transient behavior, linearity, and noise performance.

4.2.1 DC analysis

Figure 29 shows the schematic of the proposed fully differential inverter-based
LNA. As observed from the DC analysis, the optimal operating point is achieved
when all transistors operate in the saturation region, except for Ms and Mg, which
are biased in the triode region and form an integral part of the common-mode feed-
back (CMFB) circuit. Operating in triode, these transistors behave as common-
mode controlled resistances and provide a feedback path that helps stabilize the
output common-mode level. This simple approach eliminates the need for a dedi-
cated error amplifier by exploiting the direct connection between the output nodes
and the gates to naturally close the feedback loop.

When analyzing the lower limit of the output swing, the output voltage can drop
sufficiently to drive transistors Mg and M into the triode region. Their transition
is controlled by the bias voltage Vp,, which sets their operating point. Ideally, Vg,
should be set as low as possible to maximize the downward swing. However, ex-
cessively lowering Vp; reduces the available common-mode input range, as a high
common-mode voltage could push transistors M3 and M, out of saturation.
Similarly, the upper limit of the output swing is constrained by the bias voltage
Vg1, which controls the operating point of transistors M7 and Mg. A Vg value that
is too low may drive these devices into the triode region, thereby limiting the max-

imum swing. Conversely, an excessively high V| value may restrict the allowable
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Figure 29: Schematic of the fully differential inverter-based LNA [14].

operating range of transistors M and M;, pushing them toward the triode region as
well.

After verifying the correct biasing of all devices and analyzing the dynamic swing
constraints, the dynamic characterization of the circuit is performed through fre-
quency response analysis. This analysis is essential to assess key performance
parameters such as bandwidth, gain, and stability, which are fundamental for vali-

dating the design.

4.2.2 Frequency analysis

As previously described for the single-ended amplifier, an AC analysis was also

carried out for the fully differential LNA, both in open-loop and closed-loop con-
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figurations, over a frequency range spanning from 1 Hz to 1 GHz. In this inverter-
based architecture, the gates of the input NMOS and PMOS transistors were struc-
turally separated to enhance the available output swing. This design choice, made
early in the development phase, enables an improved maximum swing without af-
fecting the correct DC biasing.

During the open-loop AC analysis, a small-signal differential excitation was ap-
plied across the four separate input terminals, while maintaining the DC bias levels
unchanged. This approach allowed linearization of the amplifier’s response around
the operating point without introducing any bias variations. The obtained results,
shown in Fig. 30, exhibit a low-frequency gain of 65 dB, a gain-bandwidth prod-
uct (GBW) of 178.8 MHz, and a phase margin of 60.24°. These values highlight
a stable dynamic response and improved performance compared to the previously
analyzed single-ended architecture, featuring an extended bandwidth while main-
taining an adequate stability margin.

After completing the open-loop analysis, the closed-loop frequency response of
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Figure 30: Open-loop frequency response of the fully differential inverter-based
LNA.
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the amplifier was characterized. Upon restoring the capacitive feedback network, a
small differential AC signal was applied while keeping the DC biasing unchanged.
The results, reported in Fig. 31, confirm the expected theoretical behavior de-
scribed by Eq. 3.14: the circuit exhibits a band-pass response with an in-band
differential gain of approximately 21 dB and a —3 dB bandwidth of 37 MHz.
Compared to the single-ended version, the fully differential configuration shows
a reduced bandwidth; however, the achieved value remains fully compliant with
the design specifications summarized in Table 2.1. Based on these findings, the
transient analysis will now be conducted to verify the circuit’s dynamic linearity,
followed by the spectral analysis aimed at evaluating the harmonic distortion in-

troduced by the amplifier.
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Figure 31: Closed-loop frequency response of the fully differential inverter-based
LNA.
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4.2.3 Transient analysis

To verify the dynamic behavior of the fully differential amplifier, a transient simu-
lation was performed in the Cadence environment. The objective of the simulation
is to validate the linearity, the symmetry between the two differential branches, and
the quality of the sinusoidal signal amplification under dynamic conditions.
Compared to the single-ended configuration, two key design improvements were
introduced in the fully differential inverter-based architecture. First, the gates of the
PMOS and NMOS transistors in each inverter branch were physically separated,
enabling independent DC biasing through the voltages P, and N;. This design
choice allows for a finer adjustment of the operating point, maximizing the output
swing and preventing clipping or saturation loss in either device.

Second, to enable such gate separation without compromising the dynamic re-
sponse, the input and feedback capacitors (C; e Cr) were divided into two separate
components (C;1,Cp € Cr1,Cpp), thereby preserving the overall frequency response
of the circuit. The circuit was stimulated with a differential sinusoidal input signal

with the following characteristics:
* Viny: sinusoid centered at 1.25 V, 360 mV,, amplitude, 5 MHz frequency;
* Viy,—: complementary sinusoid, 180° out of phase with Vj,;
e Simulation duration: 20 us.

Since the amplifier employs capacitive feedback, the circuit’s response depends
exclusively on the differential component of the input signal, making the absolute
common-mode value irrelevant for amplification purposes. The output common-
mode level is stabilized by the common-mode feedback (CMFB) circuit, ensuring
proper dynamic balancing between the two branches. Figure 32 shows the differ-
ential waveforms for the input Vj,4 - Vj,— and output V4 - V,,,— signals. The
results demonstrate a clean, balanced, and expected dynamic behavior. The output
exhibits a symmetric differential sinusoidal waveform, free from clipping or com-
pression, with the output frequency matching the input frequency (5 MHz).

In conclusion, the transient analysis confirms the correct dynamic operation of
the fully differential amplifier, highlighting a high waveform quality and a linear,
symmetric behavior between the two branches. The introduced structural modifi-

cations (gate separation and capacitor splitting) prove effective in maximizing the
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Figure 32: Transient simulation of the fully-differential inverter-based LNA. The
differential input V;,,. - Vj,,—, and output V,,;+ - V,,,— waveforms are shown, con-
firming the linear and balanced dynamic behavior of the amplifier.

output swing without degrading the frequency performance, thus providing a solid

foundation for the subsequent linearity and harmonic distortion analyses.

4.2.4 Spectral analysis and harmonic distortion

Following the transient analysis, a spectral characterization of the fully differential
amplifier was conducted to assess the dynamic linearity and quantify the harmonic
distortions introduced. The analysis was carried out using the same approach
adopted for the single-ended configuration, namely by applying the Fast Fourier
Transform (FFT) to the differential output signal V,,,+ - V,,,— obtained from the
transient simulation.

To ensure comparability of the results, the simulation parameters were kept un-
changed: Hanning windowing, acquisition of 17 periods, a sampling frequency of
2.5 GHz, and a total of 8192 samples. The resulting output spectrum, shown in
Fig. 33, clearly highlights:
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Figure 33: Output frequency spectrum of the fully differential inverter-based LNA,
obtained through Fast Fourier Transform (FFT) of the differential signal V,,, -
Vour—. The plot highlights the fundamental component at 5 MHz, along with the
second- and third-order harmonics.

* The fundamental component at 5 MHz with an amplitude of approximately
-1dB;

* The second harmonic at 10 MHz with an amplitude of approximately -106
dB;

* The third harmonic at 15 MHz with an amplitude of approximately -45 dB.
From these measurements, the following distortion figures are obtained:

* Second-order harmonic distortion (HD2): 105 dB;

e Third-order harmonic distortion (HD3): 44 dB;

* Total harmonic distortion (THD): approximately —42.2 dB.

It is important to note that, although a fully differential architecture is theoreti-

cally immune to even-order distortions, the presence of a residual second harmonic
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(—106 dB) can be attributed to practical imperfections in the symmetry between
the two differential branches, such as device mismatches or layout asymmetries.

Nevertheless, the high ratio between the fundamental and the second harmonic, ap-
proximately 105 dB, confirms the excellent linearity and dynamic balance achieved
by the amplifier. Having consolidated the harmonic characterization, the analysis
now proceeds with the evaluation of the noise performance of the fully differential

amplifier.

4.2.5 Noise analysis

Following the harmonic distortion analysis, the noise performance of the fully dif-
ferential amplifier was evaluated. The analysis was carried out using the same
approach adopted for the single-ended configuration, through noise simulations in
the Cadence environment.

Both the input-referred noise spectral density and the equivalent output noise spec-
tral density were extracted over a frequency range from 1 Hz to 1 GHz. The nor-
malization methodology between output noise and frequency-dependent gain was
maintained unchanged, enabling a direct comparison with the results previously
obtained. The obtained curves, shown in Fig.34 and Fig.35, exhibit the expected

behavior:
* A low-frequency region dominated by flicker noise (1/f);
* A white noise floor beyond 100 kHz, attributed to thermal noise.

The minimum value of the input-referred noise spectral density is approximately
3.96 nV/y/Hz within the band of interest. Although slightly higher than that ob-
served in the single-ended configuration, this value fully complies with the design
specifications and meets the sensitivity requirements for ultrasound imaging ap-
plications. The comparison between output noise and input-referred noise further
confirms the accuracy of the gain model and the dynamic stability of the circuit.
The achievement of low noise spectral densities results from the combined effect
of a balanced differential architecture, the use of high-transconductance input tran-

sistors, and the optimization of the biasing points.
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Figure 34: Input-referred noise spectral density of the fully differential inverter-
based LNA. The curve exhibits typical 1/f behavior at low frequencies and a white
noise floor at higher frequencies.
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Figure 35: Equivalent output noise spectral density of the fully differential inverter-
based LNA, highlighting the expected flicker noise and thermal noise regions.
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4.3 Comparative Analysis

During the design process of low-noise amplifiers (LNAs) for ultrasound imaging
applications, two distinct architectures were developed and analyzed: a single-
ended LNA based on a folded cascode core followed by a class-AB output stage,
and a fully differential LNA employing an inverter-based topology.

The first solution (folded cascode + class AB) ensures high gain, wide output dy-
namic range, and good linearity, thanks to the high output impedance and voltage
headroom typical of cascode structures. The second solution (inverter-based fully
differential) is optimized for simplicity, reduced area occupation, and low power
consumption, leveraging the high transconductance efficiency (g,,/Ip) characteris-
tic of inverter stages.

It should be noted, however, that although the fully differential structure theoreti-
cally provides improved common-mode noise rejection, in this design the benefit
is somewhat limited due to the simplicity of the common-mode feedback circuit
and the architectural compromises made to maximize output swing.

This section presents a comparative analysis between the two designs, highlighting
the key performance parameters obtained through simulation. The comparison fo-
cuses on aspects such as gain, bandwidth, harmonic distortion, noise performance,
power consumption, and circuit complexity, providing a comprehensive evaluation
of the architectural trade-offs.

Table 4.1 provides a summary comparison of the main performance metrics achieved
by the two architectures: the single-ended folded-cascode amplifier with class-AB
output buffer, and the inverter-based fully differential amplifier.

First, it can be observed that the folded-cascode architecture achieves a signifi-
cantly higher low-frequency gain (80 dB) compared to the inverter-based solution
(65 dB), as expected due to the higher output resistance of the folded-cascode
topology.

Similarly, the gain bandwidth product (GBW) is higher for the inverter-based am-
plifier (178.8 MHz versus 107.8 MHz), owing to the lower impedance at internal
nodes and reduced parasitic capacitances. However, analyzing the usable band-
width (-3 dB cutoff), an opposite trend is noted: the folded-cascode amplifier
exhibits a -3 dB bandwidth of 248.6 MHz, significantly wider than the 37 MHz
achieved by the inverter-based design. This result can be attributed to differences

in feedback loop implementation and the impact of parasitic capacitances in the
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Parameter Folded- Inverter-Based
Cascode+ClassAB (Fully-Differential)
(Single-ended)

Low-Frequency Gain (Open- 80 dB 65 dB

loop)

Gain Bandwidth (GBW) 107.8 MHz 178.8 MHz

Bandwidth (-3dB cutoff) 248.6 MHz 37 MHz

HD2 (Harmonic Distortion 2nd 52.5dB 105 dB

Order)

HD3 (Harmonic Distortion 3rd 58.3dB 44dB

Order)

THD (Total Harmonic Distor- -50.7 dB -42.2 dB

tion)

Input-Referred Noise (IRN) 2.5nV/\/Hz 39nV/VHZ

Power consumption 3.85 mW 2.09 mW

Table 4.1: Summary of key performance metrics for the designed LNAs: Folded-
Cascode+ClassAB (single-ended) and Inverter-Based (fully differential).

fully differential structure.

Regarding linearity performance, the inverter-based amplifier shows excellent sup-
pression of the second harmonic (HD2), achieving 105 dB compared to 52.5 dB in
the folded-cascode design. This improvement is attributed to the natural common-
mode rejection provided by the fully differential configuration. Conversely, the
folded-cascode architecture performs better in terms of third-order harmonic dis-
tortion (HD3), achieving 58.3 dB compared to 44 dB for the inverter-based ampli-
fier, and also exhibits a lower total harmonic distortion (THD) of -50.7 dB versus
-42.2 dB.

From a noise perspective, the folded-cascode amplifier achieves superior perfor-
mance, with an input-referred noise of 2.5 nV/\/Hz, lower than the 3.9 nV/\/Hz
measured in the inverter-based design. This outcome can be partially explained
by the lower efficiency of the inverter-based architecture in suppressing common-
mode noise. Finally, in terms of power consumption, the inverter-based amplifier

proves more efficient, consuming 2.09 mW compared to 3.85 mW for the folded-
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cascode design, making it more suitable for applications with stringent energy con-
straints.

In order to objectively compare the overall performance of the two amplifiers, a
specific Figure of Merit (FoM) was introduced, simultaneously accounting for both
noise contribution and power consumption.

The adopted FoM is defined as the product of the input-referred noise (IRN) and

the square root of the power consumption, namely:

FoM = IRN % \/Prgps

where:

* IRN is the input-referred noise expressed in nV/\/Hz;

* P.ons 18 the power consumption expressed in Watts.

This definition is particularly appropriate in the context of amplifiers intended for
ultrasound imaging applications, where it is essential to maximize sensitivity while
minimizing energy consumption. A lower FoM value indicates better performance,
corresponding to an amplifier with both low noise and low power consumption.

Calculating the FoM for the two architectures yields:

nV\/W
VHz

nV\/W
VHz

The results show that, although the inverter-based amplifier consumes less power,

FOMF()lded—Cascode—i—ClassAB - 2511V/ VHz*v 3.85mW = 0.155

FoMyerter—Basea = 3-9nV /v Hzx/2.09mW = 0.178

the folded-cascode+classAB design achieves a lower FoM, thus offering a globally
more efficient noise-power trade-off.

In conclusion, the folded-cascode+classAB amplifier emerges as the preferable
choice when noise performance and overall efficiency are prioritized, despite its
higher power consumption and greater circuit complexity. Conversely, the inverter-
based fully differential design is more suitable for applications where minimizing
power consumption and silicon area is critical, at the cost of slightly degraded noise
and linearity performance. The selection between the two architectures ultimately
depends on the specific requirements and constraints of the intended ultrasound

imaging application.
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Chapter 5

Conclusion

This thesis presented the design, optimization, and simulation of two low-noise
amplifier (LNA) architectures intended for ultrasound imaging applications: a
single-ended LNA based on a folded-cascode topology with a class-AB output
stage, and a fully-differential inverter-based LNA. The main design objectives fo-
cused on achieving low input-referred noise, high linearity, wide bandwidth, and
low power consumption, addressing the demanding requirements of modern med-
ical ultrasound systems. Extensive simulations were performed using Cadence
Virtuoso, covering DC analysis, AC frequency response characterization, transient
behavior evaluation, spectral analysis of harmonic distortion, and noise perfor-
mance assessment.

Both architectures successfully met the target specifications, demonstrating the ef-
fectiveness of the design strategies adopted. The comparative analysis between
the two designs highlighted the inherent trade-offs between noise performance,
linearity, bandwidth, power consumption, and circuit complexity. While the fully-
differential inverter-based LNA exhibited superior power efficiency and a more
compact implementation, the single-ended folded-cascode LNA achieved higher
low-frequency gain, better linearity in terms of third-order distortion (HD3), and
significantly lower input-referred noise. To enable a fair comparison, a specific
figure of merit (FoM) combining input-referred noise and power consumption was
introduced, defined as the product of IRN and the square root of P, with lower
values indicating better performance.

The folded-cascode LNA achieved a lower FoM value (0.155 nVv/W/\/Hz) com-
pared to the inverter-based LNA (0.178 nVy/W/y/Hz), confirming its superior
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global efficiency in balancing noise and energy consumption. This outcome high-
lights the folded-cascode architecture as the preferable choice for applications
where maximum sensitivity and signal integrity are critical, even at the cost of
higher power consumption and increased circuit complexity.

Looking ahead, several directions can be explored to further develop and extend
this work. First, physical layout implementation followed by post-layout simu-
lations should be performed to assess the impact of parasitic effects on key per-
formance metrics such as bandwidth, noise, and linearity. Moreover, beyond the
design of the standalone amplifier, future efforts could focus on integrating the
LNA into a complete ultrasound receiver front-end.

In particular, incorporating a Time Gain Compensation (TGC) stage would allow
dynamic adaptation of the gain profile to compensate for signal attenuation with
propagation depth, thereby preserving the signal-to-noise ratio across the imaging
field. In addition, a Programmable Gain Amplifier (PGA) could be introduced after
the LNA to fine-tune the amplification dynamically, depending on imaging modes
or patient-specific conditions. The development of an integrated LNA-TGC-PGA
analog front-end would represent a significant step toward realizing highly inte-
grated, low-power, and high-performance ultrasound imaging systems, suitable not
only for conventional clinical applications but also for emerging portable and wear-
able ultrasound devices.

In conclusion, the work presented in this thesis provides a solid foundation for the
development of next-generation analog front-end solutions for ultrasound imaging,
combining high sensitivity, low power operation, and scalability toward full system

integration.
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