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Abstract

Ultrasound based sensing modality is one of the oldest in medical and industrial applications.
Advancements in micromachining techniques opened up possibilities to develop micro-
machined ultrasonic transducers (MUTs). Of these, capacitive micromachined ultrasonic
transducer (CMUT) technology has proven to be a promising alternative to conventional
bulk piezoelectric based ultrasonic transducers. This enabled the design and development of
miniaturized CMUT based sensor solutions for a wide range of applications. The medical
imaging has benefited a lot from the advancements in CMUT fabrication technology. Ad-
vances in high voltage (HV) integrated circuit design processes for high voltage and high
power applications opened up the opportunity to design highly compact application specific
integrated circuits (ASIC) for such transducers. The CMOS compatibility of CMUTs makes
it a very attractive option for a monolithic integrated CMUT sensor system.

In this thesis, the design of integrated circuits to interface a CMUT array is addressed.
Circuit architectures are investigated and implemented to enable a highly integrated CMUT-
ASIC system. A novel CMUT driving architecture is presented which eliminates the need
to use an external bias tee circuit to bias the CMUT to HV levels. The structure also helps
to avoid the use of HV isolation switch in the receive path of the transceiver channel. This
reduces the die area and helps to improve the signal to noise ratio (SNR). Design and
implementation of an 8 channel transceiver ASIC in 0.18 um HV silicon on insulator (SOI)
technology is presented. Design of key circuit blocks in the transmit path including HV
pulsers, level-shifters, HV linear regulator and other auxillary circuits are provided and the
performance verification through silicon measurements are also presented. In the receive
path, a resistive feedback transimpedance amplifier (TIA) is used for converting the time-
varying input current into an output voltage. Four adjustable gain settings are possible for
the designed TIA. Measurement results are provided which validates the analysis and design
presented. A pulse-echo measurement result demonstrates the capability of the complete
system to be operated as proposed.

A transmit beamforming circuit for phased array actuation of CMUT arrays is presented in
the final part of the thesis. An architecture combining an analog wide-range delay locked loop

(DLL) and digital circuits is implemented. Such a very low-power area efficient approach



viii

demonstrates the possibilities of circuit integration on front-end ASICs for CMUT based
imaging devices. Extensive simulation results presents the feasibility of the proposed solution
to perform a high resolution beam focusing and steering using only a single low frequency
clock source. The digital circuit blocks provide further flexibility to the ASIC by adding of
frequency division and pulse count functionality.



Kurzfassung

Ultraschall ist eine der éltesten Sensormethoden fiir medizinische und industrielle Anwen-
dungen. Fortschritte in der Mikrofertigungstechnik ermoglichen die Entwicklung mikromech-
anischer Ultraschallwandler (MUTs). Die Technologie der kapazitiven mikromechanischen
Ultraschallwandler (CMUT) hat sich dabei als vielversprechende Alternative zu konven-
tionellen Ultraschallwandlern auf piezoelektrischer Basis erwiesen. Dies ermoglichte das
Design und die Entwicklung von miniaturisierten CMUT-basierten Sensorldsungen fiir ein
breites Spektrum von Anwendungen. Die medizinische Bilderzeugung hat stark von den
Fortschritten in der CMUT-Technologie profitiert. Fortschritte bei der Entwicklung inte-
grierter Hochspannungsschaltungen fiir Hochspannungs- und Hochleistungsanwendungen
ermoglichten die Entwicklung hochkompakter anwendungsspezifischer integrierter Schaltun-
gen (ASIC) fiir solche Wandler. Die CMOS-Kompatibilitdt von CMUTSs macht sie zu einer
sehr attraktiven Option fiir ein monolithisch integriertes CMUT-Sensorsystem.

In dieser Doktorarbeit wird der Entwicklung integrierter Schaltungen fiir die Schnittstelle
eines CMUT-Arrays behandelt. Es werden Schaltungsarchitekturen untersucht und im-
plementiert, um ein hochintegriertes CMUT-ASIC-System zu ermdglichen. Es wird eine
neuartige CMUT-Ansteuerungsarchitektur vorgestellt, die den externen Biaseinspeisungss-
chaltkreis zur Einstellung des CMUT auf HV Pegel vermeidet. Die Struktur trigt auch
dazu bei, den Hochspannungsisolationsschalter im Empfangspfad des Transceiverkanals zu
vermeiden. Dies reduziert die Chipfliche und trigt zur Verbesserung des Signal-Rausch-
Verhiltnisses (SNR) bei. Es wird der Entwurf und die Implementierung eines 8 Kanal
Transceiver ASICs in Silizium-auf-Isolator (SOI) Technologie vorgestellt. Das Design der
wichtigsten Schaltungsblocke im Sendepfad, einschlieflich HV Pulsern, Pegelumsetzern,
Hochspannungslinearreglern und anderen Zusatzschaltungen, wird vorgestellt und die Leis-
tungsiiberpriifung durch Siliziummessungen wird ebenfalls prasentiert. Im Empfangsweg
wird ein Transimpedanzverstirker (TTA) mit Widerstandsriickkopplung zur Umwandlung des
zeitvariablen Eingangsstroms in eine Ausgangsspannung verwendet. Fiir den entwickelten
TIA sind vier einstellbare Verstirkungseinstellungen moglich. Es werden Messergebnisse

vorgelegt, die die vorgestellte Analyse und den Entwurf validieren. Die Ergebnisse einer



Puls-Echo Messung zeigen, das der entwickelte Prototyp in der Applikation wie gewiinscht
funktioniert.

Im letzten Teil der Doktorarbeit wird eine Transmit Beamforming Schaltung fiir phasen-
gesteuerten Arraybetrieb von CMUT-Arrays vorgestellt. Es wird eine Architektur imple-
mentiert, die eine analoge Delay Locked Loop (DLL) mit hoher Bandbreite und digitale
Schaltungen kombiniert. Dieser sehr stromsparende und flicheneffiziente Ansatz demonstri-
ert die Moglichkeiten der Schaltungsintegration auf Front-End-ASICs fiir CMUT-basierte
Bildgebungsgerite. Ausfiithrliche Simulationsergebnisse zeigen die Realisierbarkeit der
vorgeschlagenen Losung fiir eine hochauflosende Strahlfokussierung und -steuerung mit nur
einer einzigen niederfrequenten Taktquelle. Die digitalen Schaltungsblocke bieten weitere
Flexibilitit fiir den ASIC durch zusitzliche Funktionen zur Frequenzteilung und Impulszéh-

lung.
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Chapter 1
Introduction

Ultrasound refers to signals whose frequency range are above the audible range of 20 kHz.
Ultrasound based imaging systems have been widely used for medical, industrial, automotive
and consumer applications for decades. Ultrasound is also used by animals in the nature.
A very well known example is that of bats. Bats emit ultrasound signals and when these
signals strike an obstacle and bounce back, the bats use this information to locate the obstacle.
Certain marine animals like Killer whale and dolphins use ultrasound for orientation and find
their prey. This process is called echolocation or bio sonar. SONAR ( Sound Navigation and
Ranging) was the first reported use of sound by humans. In 1826, Jean- Daniel Colladon,
used an under water bell to measure the speed of sound in water in Lake of Geneva [1].
Based on this research, Colladon established a method to communicate between ships using
acoustic signals and measure depth of sea using echo.

The discovery of piezoelectric effect pushed forward the practical use of ultrasound in
medical and industry. The most commonly used applications for ultrasound are in the areas of
medical imaging, non-destructive evaluation (NDE) in industry, automotive parking sensors,
fluid flow measurements, robotics and high frequency ultrasonic probes for diagnosis and
therapy. Based on applications, the frequency of the ultrasound can vary from a few kHz
to few tens of MHz. Generally, for air based applications like range finding or distance
measurement, few hundreds of kHz are used and for applications that require high resolution,
ultrasound in MHz range is used. Some of the applications which require ultrasound in
MHz range are high intensity focused ultrasound (HIFU), catheter based applications such
as Intravascular ultrasound imaging (IVUS) and Intra-cardiac echocardiography (ICE) and
doppler ultrasound.

Conventionally, a piezo ceramic based transducer is used to generate the ultrasonic waves.
A cross-section view of such a piezoelectric transducer is shown in Fig. 1.1. A piezoelectric

material layer (usually lead zirconate titanate (PZT)) is placed between two electrodes. The
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Fig. 1.1 Cross section view of a conventionally used bulk piezoelectric transducer.

resonant frequency of the transducer depends directly on the thickness of this layer. Precise
deposition of a thin piezoelectric layer is required for the design of a high frequency ultrasonic
transducer [2]. This is a complex and expensive process. Ultrasound can be emitted to and
detected from the target located in solid, liquid or a gaseous coupling medium depending on
the application. This coupling medium presents an impedance mismatch to the transducer.
Especially, when used in fluids, this mismatch is quite large that impacts the performance of
the transducer greatly. For example, when these piezoelectric based transducers are used in
air, the mismatch in impedance is of the order of 10° which results in a large attenuation of
ultrasound signals in air i.e. poor efficiency and also leads to narrow bandwidth operation
of the transducers. The impedance of piezoelectric layer is 35x10° kg s/m? and that of air is
400 kg s/m>. Due to the large mismatch between the acoustic impedance of the piezoelectric
layer and the medium (air, water etc), a matching layer is provided between piezoelectric
layer and the medium. Placing such a layer lowers the acoustic energy transmitted to the
medium and also reduces the bandwidth. Also, depositing a matching layer with precise
thickness for high frequency operation is a very challenging process step in the manufacturing
of high frequency tranducers [3]. Some other drawbacks of the piezoelectric transducers
are manifested by the fact that their operating frequency span is directly related to the
size. For high frequency operation, this leads to impractical design requirements. Also,
piezoelectric transducers are limited in the operating temperature as they depole at relatively
low temperatures [4].

1.1 Motivation and research objective

Micromachined Ultrasound Transducers (MUTs) have emerged as an alternative to the con-

ventional ultrasonic transducer over the past decades. Capacitive Micromachined Ultrasonic
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Transducer (CMUT) was invented in 1990s as an electrostatic based transducer for airborne
applications with operating frequencies in the MHz range [5]. These transducers overcome
most of the drawbacks of the conventional piezoelectric transducers in terms of bandwidth,
sensitivity and transduction efficiency. Airborne ultrasound has wide variety of applications
like high resolution short distance sensing in robotics, range finding, non-destructive evalu-
ation (NDE) and flow measurement. As the frequency of these transducers increases, the
resolution increases. The limitation of conventional transducers for airborne applications
due to impedance mismatch issues was described in the previous section. The CMUTs also
exhibit a wide bandwidth operation in immersion applications as well. Advancements in
micromachining techniques enabled the design and manufacture of miniaturized CMUTs
with precisely controlled performance parameters. One of the biggest advantages of the
CMUTs is its CMOS compatibility. This enables very close integration possibilities with the
interface electronics. CMOS compatibility opens up the doors for a monolithic integration of
CMUT and CMOS on the same wafer. Thanks to the manufacturing techniques, CMUTs
inherit the advantages like batch fabrication and scalability.

A basic cross section view of the CMUT is shown in Fig. 1.2. CMUT consist of a flexible
membrane suspended over a thin gap. Insulation posts are provided to support the membrane
over the silicon substrate at the bottom. The thin gap can be air filled or can be vacuum
sealed. Metal electrodes are provided at the membrane on the top and the substrate at the
bottom. This makes the CMUT essentially a miniaturized parallel plate capacitor with a top
plate (membrane) and bottom plate (substrate). This constitutes one CMUT cell. Generally,
multiple such structures are connected in parallel to form a CMUT element. CMUTs are used
as both ultrasonic transmitters and receivers. To use them as transmitters, electrostatic force
is applied on the membrane to cause it to vibrate with an alternating voltage. The vibration
of the membrane generates ultrasound waves in the medium in which it is being used. In
the receive mode, acoustic signals impinge on the CMUT membrane causing it to vibrate.
These vibrations modulate the capacitance of the element which is then detected using a
read-out circuit. In order to have an electro-mechanical coupling coefficient comparable to
that of piezo based transducer, it is required to have a very high electric field in the cavity.
This should be in the order of 1x108 Vm™! or higher [6]. The advancements in MEMS
technology have enabled manufacturing of such narrow vacuum gaps with high precision.
This is crucial to generate sufficient ultrasonic power in the medium. The height of the gap
in-fact determines the ability of a particular CMUT to function as a transmitter or receiver.
For example, a good transmitter should be able to generate a large acoustic power into the
coupling medium. In order to do this, the membrane should be able to swing very wide under

the applied voltage. A large gap enables this. However, a good receiver must have a narrow
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Fig. 1.2 Cross section view of a Capacitive Micromachined Ultrasonic Transducer (CMUT).

gap for maximum sensitivity. When the reflected acoustic waves impinge the membrane,
a small vibration should be able to generate a large capacitance change and hence a large
current generation should be possible.

For operation of the CMUT, a voltage V is applied across it, resulting in the deflection of
the membrane towards the silicon substrate. The mechanical restoring force of the membrane
counter balances this electrostatic force [7]. The force experienced by the membrane can be
written as given in [5]:

2

F = %&‘A% (1.1)
where € is the dielectric constant of the material in between the two plates, A is the
surface area of the plates, d is the gap between the plates and V is the applied voltage. As it
can be seen from the equation 1.1, the force experienced by the parallel plate CMUT varies
quadratically with the applied voltage causing the second harmonic to be generated [5]. To
operate the CMUT with the first harmonic of the applied voltage, a dc bias voltage is first
applied on the CMUT, and then an ac voltage is superimposed over it so that the total voltage

applied across the CMUT is given by:

V(t) = Viias + Vaccos(ot + @) (1.2)

If we make the bias voltage much larger than the ac voltage, the time varying electrostatic

force varies linearly with the applied ac voltage and can be written as:
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It can be said that applying the bias voltage helps to linearize the force. Further, the

cos(wt+¢) (1.3)

receive sensitivity of the CMUTs increases due to the spring softening effect [8]. Due to the
applied bias voltage, the top CMUT membrane moves closer to the substrate. This makes
the device more sensitive to any membrane displacement when an external acoustic force
is applied to it. This improves the CMUT performance in the receive mode. When the bias
voltage is increased further, the membrane deflection also increases. At a certain voltage, the
mechanical restoring force will not be able to counter balance the electrostatic force and the
membrane collapses to the substrate. This voltage is called the collapse voltage or pull-in
voltage [7]. It was reported in literature [4], [9] and [10] that the CMUTsS should be biased
close to their collapse voltage to maximize the transduction efficiency. Conventionally, an
external RC bias tee circuit is implemented to apply the desired HV dc bias voltage to the
CMUT. It has to be made sure that the sum of the dc and ac voltage does not go beyond the
collapse voltage of the CMUT.

Bias-Tee

(a) (b)

Fig. 1.3 (a) Circuit used to interface the CMUT when operated as an ultrasound transmitter;
(b) Circuit interface for the CMUT when used as an ultrasound receiver.

To operate the CMUT in the transmit mode, the circuit shown in Fig. 1.3a is used
conventionally. The bias tee circuit is shown in the red dotted box. As it can be seen, the ac
voltage is superimposed over the dc bias to actuate the CMUT to generate the ultrasound
waves. The receive mode operation of the CMUT is enabled using the electrical circuit
interface shown in Fig. 1.3b. The dc bias needs to be applied for the proper operation of the
CMUT as explained above. The ac drive is removed now. A pre-amplifier circuit is now
connected in the receive path to which the signals generated by the CMUT are ac coupled.
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This thesis aims to address the following problems:

* Investigate circuit architectures to design a CMUT transceiver system which eliminates
the need to use an external HV bias tee circuit to the CMUT. The R and C in the bias
tee are quite large value components, hence from a cost effective point of view it is not
practical to integrate it on chip.

* As explained earlier, the receive sensitivity is optimum when the CMUTs are biased
close to their pull-in voltage. With the standard driving circuit as shown in Fig. 1.3,
the dc and ac voltages combined should be below the maximum allowed voltage of the
CMUT. This results in a dc bias voltage which is much lower than the pull-in voltage.
Hence, the interface circuit should be capable of maximizing the CMUT transduction

sensitivity.

* Eliminate the high voltage isolation switch in the receive path in order to improve the

receiver noise performance and lower the chip area.

* Design of a low power transmit beamforming circuit which is integrated as a single

chip solution with the transceiver chip.



Chapter 2

Ultrasound System

2.1 Conventional CMUT driving architecture
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Fig. 2.1 A conventional block diagram of ultrasound based system.

A CMUT can be used as a transmitter, receiver or both depending on the desired operation.
In the pitch-catch mode of ultrasound operation, one transducer is used as a transmitter of
the acoustic signals and another transducer is used solely as a receiver. In the pulse-echo
mode of operation, a single transducer is used as both transmitter and receiver. Most often, a
pulse echo mode of operation is desired to reduce the element count. A block diagram of a
conventional multi-channel ultrasonic imaging system used for pulse-echo mode of operation
is shown in Fig. 2.1. Here an 8 channel front-end application specific integrated circuit
(ASIC) interfaces a CMUT array. The back-end imaging system provides the required low
voltage and HV power supply signals, control signals and the necessary signal processing

operation of the received signals are carried out. As the ASIC contains circuit blocks for
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performing both the transmit and receive operation, it can be called an ultrasound transceiver
ASIC.

The transmit path of the ASIC consist of the HV driver/pulser circuit which generates the
necessary HV ac signals at the desired frequency that are applied to the CMUT. A digital
control block provides the low voltage control signals to the driver circuit. A HV switch is
used to isolate the low voltage transistors in the receive signal chain from the HV signals.
This switch is appropriately controlled to change from the transmit to the receive phase.
In the receive path, a low noise pre-amplifier is used to amplify the signals generated by
the incident ultrasonic waves. As CMUTs are high impedance sensors, a transimpedance
amplifier (TIA) will be used to pre-amplify the signals. This is sometimes followed by a time
gain compensation circuit (TGC) which adjusts its gain with time. In this thesis, the TGC
circuit is not implemented.

Fig. 2.2 shows the interface circuit architecture for a single CMUT element to perform a
pulse-echo operation in the conventional way. It is desired to keep one end of the CMUT
(the one that faces the user) at ground or at low voltage for safety purpose. The HV dc bias
voltage is applied through an RC bias tee circuit. This is basically a low-pass filter. The
pulses from the HV pulser circuit is ac coupled through the HV capacitor during the transmit
phase. The corresponding pulse waveforms can be seen in the figure. The transmit-receive
(TX-RX) switch can be implemented with a HV MOS transistor. As shown in the figure the
HV MOSFET will be represented with a thick drain terminal in the rest of this thesis. These
devices have a higher Vpg;qr and Vps;nay, however the Vg 1S restricted to the standard low
voltage digital levels. Appropriate control signals should be applied to the TX-RX switch. In
the receive phase, the HV switch is closed to receive the current signals which are generated
by the CMUT when the echos cause the membrane to vibrate thereby modulating the CMUT
capacitance. The HV output of the pulser is kept at a high impedance state.

2.2 Proposed CMUT driving architecture

As can be seen from the previous section, an RC bias tee is required to apply the necessary
bias voltage to the CMUT. The resistor and capacitor values required are large which makes
it impractical from a cost-effective point of view to integrate them on chip. It is desired
to have a closely integrated sensor solution with the CMUT and electronics to make it
possible to develop portable ultrasonic imaging systems. Further, improvement in signal to
noise ratio also facilitates better imaging capabilities. For such closely integrated systems,
eliminating the off-chip components should be a priority. Especially in applications like

ICE and IVUS, in-probe ASICs are used which require reduced cable count and external
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Fig. 2.2 A conventionally used driving structure for a pulse-echo operation.

components [11] [12]. Further, with the driving structure shown in Fig. 2.2, the total voltage
applied to the CMUT (dc bias + ac) should be below the collapse voltage of the CMUT. It
has been demonstrated that the electro-mechanical coupling efficiency is optimum when the
CMUTs are biased close to their collapse voltage [10] [7]. For maximum transmit efficiency,
an ac signal is superimposed over a HV bias making sure that the sum does not drive the
CMUT into collapse mode. However, in the receive mode, only the dc voltage is applied
to the CMUT and this is much lower than the optimum point. For the interfacing structure
shown in Fig. 2.2, this results in a receive sensitivity which is reduced. In [13], an on-chip
adaptive biasing scheme was implemented to boost the receive sensitivity. An adaptive dc
voltage will be added to the existing dc bias to take total voltage close to the collapse voltage.
This approach is however not very area efficient as additional circuit blocks like on chip
DC-DC converters are needed.

In this thesis, a novel interfacing architecture is proposed that eliminates the need to have
an external bias tee circuit for dc biasing as well as improve the receive sensitivity of the
CMUT. The proposed structure can be seen in Fig. 2.3. A two-level pulsing scheme is used
where the HV pulser switches between two high voltage levels HV1 and HV?2 during the
transmit phase. This is equivalent to applying a HV dc and superimposing an ac signal. In
the receive phase, the pulser output is pulled to the higher of the two high voltage levels. By
choosing the HV1 close to the collapse voltage of the CMUT, it is possible to operate the

transducer at its optimum electro-mechanical coupling efficiency in the receive mode.
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Fig. 2.3 The proposed transmit-receive structure for the pulse-echo operation.

Two switches S1 and S2 are provided in the receive path which can be implemented using
low voltage MOSFETs. The CMUT acts like an isolator for the receive path from the HV
transmit path in this case. The switches are controlled in such a way that during the transmit
mode, the switch S2 closes and connects the CMUT electrode 2 to the ground. S1 is kept
open during this phase. When the operation is switched to the receive mode, S2 is opened
and S1 connects the CMUT terminal to the input of the TIA. The current generated by the
CMUT while receiving an echo is then input to the TIA. The CMUT electrode 2 will have
a low dc voltage which is set by the bias voltage of the TIA. This ensures that this CMUT
terminal will always be at a low voltage or ground and can be safely exposed to the user in
a product. This approach helps us to eliminate the use of HV MOSFETs from the receive
path. This is beneficial in lowering the silicon area and also lowers the parasitic capacitance
at the TTA input which improves the noise performance of the TIA. The phases controlling
the switching operation and a representative pulse waveform applied to the CMUT can also

be seen from Fig. 2.3.

2.3 Ultrasonic Transceiver Chip Architecture

An ultrasonic transceiver chip with transmit beamforming capability has been designed
during the framework of this doctoral work. The new driving architecture explained in the
previous section enables the integration of the dc biasing on chip. Three versions of the
transceiver chip have been designed using a 0.18 um HV SOI process XT018 from XFAB
during the project time frame, each with incremental performance additions. The first two
versions of the chip named ProTaktilUS_AO and ProTaktilUS_BO are fully characterized.
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A block diagram representation of the final ASIC version is shown in Fig. 2.4. The chip is
named ProTaktilUS_CO and is submitted for fabrication.
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Fig. 2.4 Block diagram representation of the designed CMUT transceiver ASIC.
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Fig. 2.5 Microphotograph of the ProTaktilUS_AO chip.
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Fig. 2.6 Microphotograph of the ProTaktilUS_BO chip.
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2.4 High Voltage Process Technology

Several foundries offer different processes for chip manufacturing. Depending on the project
requirements, an appropriate process selection is a key step in the execution of any ASIC
design project. In this section, the process used for this work is briefly introduced.

A high voltage CMOS manufacturing process is required for the design of the CMUT
transceiver chip. The pulser circuit in the transmit path demands the use of high voltage
transistors. As the target voltage requirement for this project is 60 V for the pulser, a
technology that supports this voltage level is needed. There are few fabs that offer such high
voltage processes. The 0.18 um high voltage process from XFAB is used for this work. Some
of the key desired features for an integrated HV processes are low Ry, low self heating and

faster switching.
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Fig. 2.8 Cross section view of a super junction high voltage NMOS (LNDMOS) transis-
tor [14], [15].

A HV MOS transistors based on partial SOI technology is shown in the Fig. 2.8. Deep
Trench Isolation (DTI) is used for lateral isolation of the devices. The lateral super junction
formed by horizontal n and p layers in the top silicon which sets the voltage rating of the
device. The device consist of a top silicon layer on top of a Buried Oxide (BOX) layer.
The SOI diode is reverse biased by connecting the terminals BN (diode cathode) and the
HW (anode) to the appropriate high voltage levels. This structure allows for small isolation
distance between the devices on the chip. This is very critical for this work where multiple
HYV and LV ultrasonic channels need to be integrated on the same die. The technology also
provides up to 6 metal layers including a thick metal option [16].

For the design of the low voltage circuits, 5V MOSFETs are used from the process.
The transistor symbols used for designs are shown in Fig. 2.9. As it can be seen, the HV
MOSFETSs are drawn with a thicker drain terminal. This shows the high voltage tolerance
of the drain-source terminals. The 100 V devices are used for the design of the HV circuits
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in this work. This means that the maximum |Vpg| and |Vpg| that can be applied across the
MOSFETs are 100 V. These transistors have a thin gate oxide like the standard low voltage
MOSFETs, hence the maximum |Vgg| is 5 V. This helps to achieve better control over the
threshold voltage and also they are in the standard V4, value. For high gate to source voltages,
the transistors must have a thicker gate-oxide. This leads to reduced transconductance and
poor threshold voltage control [17]. The bulk terminals are not shown for the HV MOSFETs
as they are connected to the source. For the designs used in this thesis, the 5V MOSFET’s
bulk is connected to ground and VDD for NMOS and PMOS respectively. Hence, they will

not be shown in the schematic explicitly unless they are connected differently.

Go—H%B Go—q%s Go—|q G>—0|q

100V 100V
NMOS PMOS NMOS PMOS

Fig. 2.9 Symbols used for the different MOSFETsS used in designs.






Chapter 3

Integrated Circuits for CMUT
Transceiver Interface

3.1 Background

The interface electronics design plays a crucial role in an ultrasound system as much as
the transducer design. Conventionally, these electronic circuits are placed in the back-end
imaging system which connects to the probe with long coaxial cables. So, each transducer
element needs one cable connecting it to the circuits. As explained in the previous chapter,
the advancement of CMUTs have enabled the development of large 1D and 2D arrays of
CMUTs. In such cases, it is not practical to run long cables from the transducer probe to
the imaging system. Also, since the aim is to develop a portable, hand-held ultrasound
imaging system, it is imperative that we build a system where the sensor solution consisting
of the transducers and interfacing electronics are closely integrated. A hybrid multi-chip
solution or a monolithic solution is desired for this. This drives the design of application
specific integrated circuits, which has both the high voltage transmitter circuitry and the low
voltage receive and other control circuits on the same chip. A low-power, area efficient HV
transceiver ASIC with 8 channels is designed in this work with the aim of interfacing an 8
channel CMUT array.

This chapter presents the design of the key circuit blocks of the CMUT interface ASIC.
The circuit topology selection and circuit analysis are presented first, then a systematic
approach to the design is presented. This is followed with relevant simulation results and

finally, the measurement results from the tape-outs are also presented.
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3.2 High Voltage Transmit Pulser Circuit

As explained in Chapter 2, a two-level HV pulser is one of the most critical block in the
transmit path of the CMUT transceiver chip of this thesis. A block diagram representation of
the pulser circuit is shown in the Fig. 3.1. The pulser circuit at the core has two high voltage
transistors Mp and My at the output forming a push-pull stage. The circuit switches between
the two high voltage levels Vppy s and Vssh 1.s. These output stage transistors are driven
by two level shifters. The level shifter on the high side drives the Mp and the level shifter on
the low side drives the M. The level shifters convert the low voltage control signals (Vi T,
Vin nT> Vinp and Vi, ng ) in the OV - 3.3V domain to the HV levels. The low voltage
control signals are generated using a 4 phase non-overlapping clock generator circuit.

Two HV linear regulators form critical circuit blocks in the pulser circuit. The linear
regulator on the high side (HV Regulator HS) is basically used to bias the protection
transistors in the high side level shifter. The regulator on the low side has a more demanding
design requirement. As can be seen from the Fig. 3.1, the low side regulator also serves as
the bottom side rail of the transistor My. During the discharge phase of the CMUT, a large
amount of current is discharged through My. When used for a CMUT array, this rail should
be able to sink a large amount of current (~ few tens of milli-amperes). Hence, a HV linear

regulator with high current sink capability is designed for this purpose.
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Fig. 3.1 The top-level block diagram of the high voltage pulser circuit.
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3.2.1 Static level shifter based pulser design

For the design of the HV pulser circuit, different architectures from the literature have been
studied. The most common type of the level shifter is based on limiting the Vs by using
a diode or a diode connected transistor. In Fig. 3.2, a HV pulser circuit based on a static
level shifter can be seen [17] [18]. This is a cross coupled voltage mirror based level shifter
from [19]. The voltage mirror structure consist of a HVNMOS M1 with a load formed by a
low voltage PMOS M3. M3 is a diode-connected MOSFET whose Vs sets the voltage at
node V;. The transistor My is a pull-up transistor which makes sure that the node V, is pulled

up to Vppy in the off-state.
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Fig. 3.2 Static level shifter based pulser circuit

The low voltage control signal Vi, is applied to M1 and M2 is driven by its inverted
signal. When Vj, is high, M1 is turned on and a current is drawn from the HV supply Vppg.
Depending on the device dimensions, the node V, will have a voltage given by Vppy — Vsgs.
This level shifted signal is then used to drive the gate of M; which forms the high-side
transistor of the push-pull output stage. The design equations can be derived by equating
the current through the transistors. When M; is turned on by applying a Vpp, it turns on in
saturation (assuming that Vppy > Vpp). By equating the currents through M| and M3, we
can write:

%(Vin_vthl)z = %[(VDDH_Va) — Vs (3.1)
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By re-arranging, we get:

Va = VbpH — [ %(Vm—le)HVmﬂ (3.2)
where, B1 = ft,.C,.. 7+ and B3 = 1, G 12

U,: mobility of electrons
Up: mobility of holes
C;x: gate oxide capacitance

By properly choosing the aspect ratio of the transistors, the node voltage V, can be set. It
can be made sure that this voltage is within the limits of the gate-oxide breakdown of the

technology.
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Fig. 3.3 Current limited static level shifter based pulser circuit.

This basic static level shifter based design is one of the most robust and area efficient
pulser design, however these have some drawbacks as well. One of the main drawbacks
of this circuit is the continuous power dissipation through either side of the level shifter
stage. The current drawn is limited by the device dimensions which is in turn set by the
node voltage V,. A few milli-amperes of current drawn from the high voltage supply Vppu

can lead to a large power dissipation. This is not acceptable for a portable system where



3.2 High Voltage Transmit Pulser Circuit 21

power consumption is a very crucial parameter. An improved current-limited static level
shifter based pulser circuit is shown in Fig. 3.3. Here a current limit is introduced by using
the transistors Mg, M| and M. The diode connected load M sets the current through the
current mirrors. The bottom side transistor My, is driven by an identical level shifter. For
clarity and ease of explanation, only the high side level shifter is shown here.

The two-level pulser circuit based on the static level shifter is designed for the HV levels
of 60V to 10V switching. The simulation results are shown in Fig. 3.4, 3.5 and 3.6.

I ‘ I ‘ — Pulser output |
| | Control input

60

Voltage (V)

0.0 0.5 1.0 15 2.0
Time (Us)
Fig. 3.4 High voltage output of the pulser circuit.
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Fig. 3.5 Gate drive signals of the push-pull stage.

The high voltage output of the pulser circuit is shown in Fig. 3.4. As it can be seen, the
pulser output switches between the voltage levels 60 V and 10 V. The low voltage control
signal is applied at a frequency of 2 MHz. From Fig. 3.5, the gate drive signals of the output
push-pull stage can be seen. This is in fact the output of the two level shifters. The high-side
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(HS) gate drive signal switches between 60 V and «~ 55 V. This ensures that the Vsg of My
is below its Vsgmax (Which is 5.5V in this technology). For the low-side (LS), another level
shifter up-shifts the low voltage control signal to 15V to «~ 10V range. Fig. 3.6 shows the
current pulses through the transistors M| and M». It can be seen that there is a continuous
current consumption of around 480 puA during each half cycle through either branch from the
60V supply. This amounts to an average power consumption of 36 mW of power per pulser.
For a large CMUT array, this leads to a large power budget and heating problems. The power
consumption is reduced significantly with this architecture as compared to the basic static
level shifter. However, the input to output delay increases with this. Hence, it is not possible
to lower the currents to very low values as it affects the switching speed considerably. So, a

low power architecture is desired.
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Fig. 3.6 Current through transistors M and M.
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3.2.2 Gate charge recycled level shifter based pulser

A low power level shifter architecture for driving the high side switch in a DC-DC converter of
an implantable device was presented in [20]. The similar approach was previously presented
for HV display driver design in [21] [22]. Power consumption from the HV rail is minimized
using a gate charge recycling technique. The schematic of the gate charge recycled level
shifter based pulser circuit is shown in Fig. 3.7. This is a slight modification from what is
presented in [21]. Low voltage current limiting transistors M, M, and Mg limit the current

consumed during each cycle.

8

High voltage

Level shifter stage push-pull stage

Fig. 3.7 Gate charge recycled level shifter based pulser circuit.

An edge detector circuit (not shown in the schematic) is used to generate short duration
pulses that are applied at the input HV MOSFETs M3 and M4. When Vj, is HIGH (3.3 V),
M3 is turned ON. This turns M7 also ON which pulls the node N3 to Vppp us. This turns the
high side push-pull MOSFET M;; OFF. Once Vj, goes LOW, M5 and M7y turns OFF. Also
My 1s OFF which causes the node N3 to be electrically isolated and it retains its previous
charge which is stored in the parasitic gate capacitance of M.

When we have a HIGH pulse at the gate of My and M3 stays LOW, a current flows
through the diode connected transistor Mg. The node N3 is discharged through Mg and this
turns ON M. Once the control signal at the gate of M4 goes LOW, My and Mg turns OFF.
Since M7 is also OFF the node N3 is isolated and retains the gate charge of M. This way,
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we can make sure that the level shifting operation is performed and there is no continuous
power drawn from the HV supply. There is a current consumtion only as long as the input
pulses at the gates of M3 and My are HIGH. This can be controlled to make very short pulses
at the input. Similar to the previous section, the low side level shifter is not shown here. An
identical level shifter is used to drive the low side transistor M, of the push-pull stage. The

circuit has been designed and simulations are performed to verify the design.
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Fig. 3.8 (a) Simulation results showing gate drive signal of the low-side and high-side; (b)
Output of the pulser circuit.

It can be seen from the simulation results in Fig. 3.9, that the circuit draws current from
the HV supply on as long as the control input stays high. For the design used here, the
pulses are 250 ns wide. A current of roughly 50 pA is drawn. From Fig. 3.8, the level shifted
gate drive voltages can be seen. The transistor Mg can be sized appropriately to limit this

voltage within the safe operating region. The charge on the gate is reset when a high pulse
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Fig. 3.9 (a) Currents through the transistors M| and Mj; (b) Input control signals.

appears on the other input leg. Using this architecture, it is possible to reduce the power
consumption by roughly 3/4th as compared to the static current limited level shifter presented
in section 3.2.1. However from simulations, it is observed that even though this topology
lowers the power consumption compared to the static level shifter topology, there are certain
drawbacks. It can be observed from the Fig. 3.8, the output of the pulser circuit has a large
rise and fall times. The gate drive signals does not have a sharp rising and falling edge. Also,
from corner simulation it is observed that it is difficult to make this circuit reliable across
PVT variations. This could be due to the fact that the circuit works based on the charge
storage and recycling using the parasitic capacitance at a node. Large deviation in the gate
drive signals are observed across process corners. This is unacceptable for a reliable ASIC
design. Also, it can be expected that with multiple such channels present on a chip, there is a
possibility that during a large HV swing on another channel, a small cross coupling effect
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could produce an unacceptable behavour in a neighboring channel. Hence a more reliable

design is explored for the level shifter design.

3.2.3 Nanosecond delay dynamic level shifter based pulser circuit

The current limited static level shifter based pulser and the gate charge recycled level shifter
based pulser both have drawbacks in terms of power consumption, speed of operation and
reliability. The high power consumption of static level shifter based pulser makes it unsuitable
for portable or battery powered applications. Hence, a nanosecond delay dynamic level
shifter based pulser circuit is designed [23] [24]. A very low power consumption design is
achieved with a cross-coupled design. The circuit consumes no static power from the high
voltage rails. The current is drawn from the high voltage supply only during a transition
which lasts only for a few nano-seconds. The schematic of the pulser circuit is shown in
Fig. 3.10. For clarity and ease of explanation only the high side level shifter is shown here.
The low-side MOSFET M of the push-pull stage is driven by a similar level shifter. This is
a modified version of the conventional HV level shifter reported in [25] and [26].
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Fig. 3.10 Dynamic level shifter based pulser circuit.

The low voltage control signals drive the pull-down high voltage NMOS (HVNMOS)
transistors M| and M;. High voltage PMOS (HVPMOS) transistors M3 and My protect the
floating LV MOSFETs. The gates of M3 and My are biased to a HV level Vsgy pys. The LV
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MOSFETs Ms - My are floating at a HV level between Vppy ns and Vssy gs. It should be
made sure that this difference is less than or equal to 5 V. Transistors M7 and Mg are used as
active pull-downs which will pull the nodes Ni» and Ng> to Vssy ns. In order to ensure that
the latch flips its state, M7 and Mg should be made much weaker than M5 and Mg.

The working of the circuit is explained as follows. Let us assume that initially the node
N is pulled to Vppp,us and node N is at Vssy us. Now, in order to flip the states, a logical
high is applied to the gate of M (3.3 V). An inverted signal is applied to the gate of M. M
pulls node Ny to ground. Transistor M3 turns ON in saturation and this pulls Ny ; down.
When this node is pulled a Vi, below Vppy Hs, Mg turns ON and the latch flips state. The
ratio of M3 to M5 decides how fast the node N, is discharged. To derive the equations for
DC operation of the circuit, we can equate the current through the transistors in each branch.
As the circuit is symmetrical, the equations for only one side is shown here. The other side
follows the same way. At the beginning of the transition, we can take M5 to be in deep-triode

region of operation. The current through this transistor can be written as:

w
Ins =K, (f) (Vsas — Vins) Vsps (3.3)
5

w
Ips =K, (f) (Voo — VssH — Vins) Vine (3.4)
5

Since M3 turns ON in saturation, the current equation can be written as:

K w
Ip3 = Tp3 (f) (Vsgs — Vins)* (3.5)
3
K w
Ipz = 7173 (f) (Voo — Vine — Vst — Vin3 ) (3.6)
3

Combining (3.6) and (3.4) to get the aspect ratio, we can write:

(W/L)4 _ 2-Kps (Vopr — Vst — Vins) Vine
(W/L)s K3 (Voou — Vins — Vesu — Vin3 )’

Similarly, M is sized relative to M5 to ensure sufficient current to flip the state of the

(3.7)

latch. The current in M can be written as:

K, /(W
Ioy ==~ (f) 1 (Vin — Vin1)* (3.8)

Combining (3.8) and (3.4), we can write;
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(W/L);  2-Kps(VopH — VssH — Vins) Vine

(W/L)S a Kpl (Vm - Vthl)2
Using (3.9) and (3.7), we can size the MOSFETsS in the level shifter. In the equations,
only sizing information for M1, M3 and M5 are shown. The MOSFETsS on the right branch

(3.9)

M,, M4 and Mg follows the same design criteria. Post-layout simulations are performed to
verify the design under various operating conditions before the tape-out. Some of the key
simulations are shown here. It can seen from Fig. 3.11 (a) the gate drive control signals of the
output push-pull stage. The level shifters make sure that transistors Mj; and M, have a HV
level shifted control signal which is within the maximum allowed gate-source voltage limit.
Fig. 3.11b shows the switching current through M; and M. It can be seen that a current of
around 1.4 mA is drawn from the HV supply only during a transition. During the remaining
times, there is no static current drawn from the HV supply by the level shifter. This makes

the designed pulser circuit very useful for low-power applications.
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Fig. 3.11 (a) Post-layout simulation showing the HV pulser output and the high side and low
side gate drive voltages of the push-pull stage; (b) Simulation showing the drain currents
through the transistors M; and M».
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Fig. 3.12 Die photo and layout of the pulser circuit highlighted.

Frequency control and pulse counter

A clock divider and pulse count control digital block is also implemented on chip. The
digital block can be activated by an external trigger signal. A fixed input clock is fed into a
frequency divider block. The frequency divider block takes in an input clock and provides
the control signals blocks with a divided down frequency based on register settings of a 6
bit divide by N register. This block also provides an option to select between a continuous
pulsing and fixed pulsing scheme. An 8 bit pulse count register sets the number of pulses.
The first 7 bit sets the pulse count and the 8th bit selects between continuous pulsing and
fixed pulsing mode. The 6-bit divide by N counter sets the output pulse width as shown in
table 3.1. The trigger input needs to stay high for atleast 3 clock cycles. Once the trigger is
detected, the pulsing operation will be started and the low voltage divided clock signals are
input to the HV pulser circuit. A 6 bit pulse counter block can be programmed to generate
upto 128 pulses.

Chip measurement results

The HV pulser circuit has been taped-out in a 0.18 um HV SOI process. The die photograph
and highlighted layout can be seen from Fig. 3.12. The transceiver chip has 8 HV pulser
circuits each occupying an area of 0.28 mm?. The chip is packaged in a QFN 80 package.
To verify the performance parameters of the chip, a PCB has been designed with 2 chips
soldered on it. The required control signals and the SPI master is implemented using a
STM32 Nucleo microcontroller. All the required power supplies are applied externally using
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Table 3.1 6 bit clock division

B5 B4 B3 B2 Bl BO N Output pulse width(s)

O 0 0 0 0 0 o4 64/fclk
o 0o o0 o0 O 1 63 63/fclk
O 0 o0 o0 1 0 62 62/fclk
1 1 1 1 0 1 3 3/fclk
1 1 1 1 I 0 2 2/fclk
1 1 1 1 1 I 1 1/fclk

a 4 quadrant power supply (Keysight N6705¢ DC power analyzer). The supply ramp-up and
sequencing can be controlled using this power supply. A photo of the PCB can be seen in
Fig. 3.13.

The chip is set in its default state for the pulser measurements. Two HV inputs 60 V and
15V are externally applied to the chip. The low voltage supply used is 3.3 V. Two on-chip
HYV linear regulators generate 56 V and 11 V. These form the Vssy ns and Vssy s of the
chip. The HV pulser circuit has an output load of roughly 15 pF which includes the PCB
parasitics and probe capacitance. The output of the pulser circuit switching at 2 MHz can
be seen from Fig. 3.14a. The pulser circuit produces a peak to peak output voltage of 49 V
at 2 MHz switching frequency.The circuit has an input-output delay of 28 ns. The rise and
fall times are measured to be 26 ns and 30 ns respectively. The pulser can handle frequencies
upto 8 MHz.

Fig. 3.14b illustrates the performance of the frequency control and pulse counter block.
As it can be seen from the figure, a trigger input of 5 us duration was applied externally.
Once the trigger is detected, the pulser starts pulsing for 10 cycles. It can be seen that before
and after pulsing, the pulser output is pulled to the Vppy us. The pulsing frequency is set to
1 MHz for this measurement.

In order to measure the crosstalk between two adjacent HV pulsers, one HV channel is
enabled and pulsed at 2 MHz and the adjacent HV channel is disabled. The output of both
the channels are measured using the oscilloscope. In Fig. 3.15a, a transient response of the
two channels are shown. A fast fourier transform (FFT) performed on this measurement
result gives the spectra of the two channels. This is shown in Fig. 3.15b. We can see that the
crosstalk between the two channels is —108 dB at 2 MHz. This is negligible and shows that
the channels are well isolated from each other.
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Fig. 3.13 The test PCB with the two transceiver chips and external control and power circuits.

The measured performance parameters of the HV pulser circuit are listed in table 3.2 and
are compared with previously published similar works. It can be seen that our work obtains
the best performance in terms of input to output delay and rise and fall times of the pulses
for output capacitive loads which are very similar in values. The maximum pulse frequency
handled by the pulser also compares favorably, only [27] has a higher frequency capability. It
can be noted that the area occupied by our work is the largest as compared to the other works
which are implemented in the same process node. This can be attributed to the fact that in
this work, the focus has been to implement a transceiver topology with on-chip HV biasing

The use of two level shifters per pulser results in nearly doubling of the area requirement
per pulser channel. A direct comparison of the power/current consumption is difficult as it

largely depends on the number of pulse cycles used, which in turn depends on the application
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Fig. 3.14 (a) Measured output of the HV pulser circuit at 2 MHz; (b) pulser output showing
response to an input triggering signal.
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Fig. 3.15 (a) Measured crosstalk between two adjacent HV pulser channels; (b) Frequency
spectrum of the two channels.

Hence, whereever available, a current consumption value is reported and it can be seen that
this work compares positively in terms of power consumption as well. A figure of merit
(FOM) can be defined combining the different pulser parameters to compare our work with
the state of the art. The FOM can be defined as give below:

Vop [V] f [MHZ] Cy. [pF]
A [mmz] tdelay [HS]

FOM = (3.10)

Where V), is the peak to peak HV pulse, f is the pulse frequency, Cy. is the load capacitor,
Idelay 18 the input-output delay and A is the area of the pulser circuit. It can be seen that this



3.2 High Voltage Transmit Pulser Circuit 33

Table 3.2 Measured performance parameter of the HV pulser circuit compared with prior art

Parameter This [28] [29] [30] [27]
Work
Technology 0.18um 0.18um 0.18um 035um 0.18um
HV SOI BCD CMOS HV HV
CMOS BCD
Pulse voltage (Vpp) 49 9.8 15 60 60
Pulse frequency (MHz) 8 1.25 2.56 1.38 9
Output load (pF) 15 15 12 18 18
Input-output delay (ns) 28 22.5 30.8 34 N.A
Rise/fall time (ns) 26/30 40-50 57/30 68/65 N.A
Current/power con- 1.38mA 199mA N.A 98.1mW 852uW/ch
sumption dynamic dynamic (static)
Area (mm?) 0.28 0.022 0.15 0.08 0.17
FOM 750 371 99.7 547 -

work has the best FOM among the state of the art compared in the table 3.2. The value of the
current is ommited from the FOM calculation as it is not clearly mentioned in the reported
works and an inaccurate number could grossly misrepresent the FOM calculation. Moreover,
the input-output delay is directly proportional to the current consumed in the circuit which

indirectly represents the current in the FOM.
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3.3 High Voltage, Fast Transient Response and High Cur-

rent Sinking Linear Regulator

In the previous sections, it is explained that the low side of the two-level high voltage pulser
circuit needs to sink a large amount of current when the CMUTs are being discharged. This
necessitates the use of a HV regulator with high current sinking capabilities and fast transient
response. The project requirements restricts the use of externally supplied HV rails to two.
Hence, it is required to design an integrated HV regulator that meets this requirement. A
straightforward way to have an on chip implementation is to design a linear regulator as
opposed to a switching converter.

out
O

Fig. 3.16 A PMOS pass transistor LDO.

A conventional topology of a low-dropout linear regulator (LDO) is shown in Fig. 3.16.
A classical PMOS pass transistor based topology is shown here. The reference voltage
is supplied by a bandgap reference (BGR) circuit. The output voltage sensing feedback
resistors R¢; and Ry, feeds a portion of the output voltage back to the error amplifier. The
error amplifier adjusts the gate voltage of the Mg to control the Vo to finally make its two
input terminals equal. Two main drawbacks of this circuit topology make it unsuitable for
our application. This circuit is not capable of sinking a large current in a short period of time.
As it can be seen, any large load current discharged into the output node needs to be sunk
through the feedback resistors to the ground. In most conventional applications which use
LDOs, this is acceptable since they are used as local power supplies to source the desired
current to the load. The second problem is that, it is not possible to separate the input voltage
from the supply voltage of the amplifier. Hence, when HV inputs are used, it is indispensable
to use a HV error amplifier.



3.3 High Voltage, Fast Transient Response and High Current Sinking Linear Regulator 35
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o

Fig. 3.17 The designed HV linear regulator topology with current sinking capability.

We propose a new topology with high current sinking capability and isolation of input
voltage from the error amplifier supply. This is based on our previously published work [31].
The circuit is shown in Fig. 3.17. The pass transistor is referenced to ground to sink a large
amount of current. This also allows us to isolate the low voltage error amplifier from the
high input voltage. The resistive feedback network Rg; and Rf2 sets the output voltage. The
biasing resistor Ry sets the quiescent current. An output filter capacitor C, is placed at the
output since the regulator can not respond instantaneously to the load current change. The
C, prevents the output voltage from drifting too far away from the design value until the
feedback loop reacts to correct the variation.

The feedback factor can be written as:

R Vi 1.2
B _ 2 _ ref _ = (311)
Rii+Rpp Vou 11
The quiescent current flow through the feedback resistors can be written as:
V. 11
I out (3.12)

" Ru+Rp Ry +Rp

For a 100 uA current, the equations (3.11) and (3.12) are solved to get the feedback
resistor values. This is estimated to be Rfj= 95kQ and Rp= 12kQ. For 10 uA quiescent
current through the pass transistor, the Rp is set at 36.3 kQ. Initially during a load transient,
when the circuit is not regulating, all of the load current needs to be taken in by the output
capacitor. Considering that the maximum allowed voltage overshoot at the output is 1 V and
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the current spikes have a maximum width of 50 ns, for a load current of 100 mA the output

capacitor can be calculated as:

[i(t).dt 100mA.50ns

Co = = 5nF 3.13
° AVout 1V -13)
This is the minimum capacitance value to be used. So we use 6 nF and it will be off-chip.
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Fig. 3.18 Small-signal gain presented by the output stage for maximum and minimum load
conditions.

In order to determine an optimum compensation for the regulator, it is required to
determine the regulator’s behavior for different load conditions. As we know the extreme
load currents as 100 mA and O mA, we can determine the regulator dynamic behavior under
these two conditions and design a compensation method for the worst case condition. The
output stage of the regulator is an NMOS common source stage, it presents a gain which is
part of the loop-gain of the system. With change in current, the gy, , changes which results
in a change in open loop DC gain and the bandwidth. An ac simulation is carried out to
determine this. The simulation result is plotted in Fig. 3.18. It can be seen that at maximum
load condition, the pole at the output node moves to higher frequencies. Since, the dominant
pole is at the output node, this could cause the output pole to come close to the error amplifier
pole and result in reduced phase margin and potential instability.

To determine the small-signal dynamics of the system, a small-signal equivalent circuit
is required. For the regulator, the error amplifier, pass transistor, feedback network and the
output capacitor constitute the small-signal network. A small-signal circuit and its small-

signal equivalent models are shown in Fig. 3.19 and Fig. 3.20. The compensation capacitor
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Fig. 3.19 AC circuit of the linear regulator used to derive the small-signal equivalent circuit.
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Fig. 3.20 Small-signal equivalent circuit of the HV regulator. The compensation capacitor is
not shown.

is not shown now to simplify the loop gain calculations. It is required to virtually break the
loop to estimate the loop gain of the system. This is done as shown in Fig. 3.19. The loop
gain can be estimated as shown by [32]:

T(s) = —2 (3.14)
Vx
The DC loop gain can be written as:
To = gm,E-RE-&mp-Ro-PB (3.15)

where R, is:

Ro = rgsp || RL || (R + Ry2) (3.16)
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The high frequency loop gain can be evaluated to:

_ gm7E-RE~gm,p-Ro-ﬁ (1 - Sng/gImp)

3.17

T(s)

It can be seen from (3.17), the system has two poles and one zero. The zero is created by
the parasitic gate-drain capacitor of the pass transistor. This can be neglected as it will be in
the high GHz range of frequencies. One pole is formed by the output capacitance and output
resistance (fp1) and the second pole is formed by the pass transistor gate capacitance and the
output resistance of the error amplifier (fp2). The output pole will be the dominant pole in
our case since the output capacitance used for design will be very high value to have a small
output voltage overshoot during a large load transient. The system will have a small phase
margin when the error amplifier pole gets closer to the output dominant pole. This could

result in unstable regulator behavior.

AmeVx(D) GD RE§ Co— ,Drds§ Reg R C,.== vy(t)
OmpVs(t) Re2

Fig. 3.21 Small-signal equivalent circuit of the HV regulator with lead compensation capacitor
connected.

To guarantee a stable frequency response, the closed loop system should have sufficient
phase margin. Compensation techniques are used to achieve this by ensuring that the
two closed loop poles are placed apart in frequency [33]. A widely used technique for
compensating the opamps is using miller compensation [34]. However this technique is not
suitable for our application as the dominant pole is formed by the large output capacitance.
Another method of compensating the regulator is to use a feed-forward capacitor to produce a
left half plane (LHP) zero. This is achieved by connecting the compensation capacitor across
the feedback resistor R¢; which creates a bypass path for the loop gain at high frequencies
[35]. This method creates a pole-zero pair where the non-dominant pole is canceled with the
zero. It has to be made sure the newly created pole is beyond the unity gain frequency. The

transfer function of the compensation network can be written as [31], [35]:

H(S) o (1 + SCCRfl)

= (3.18)
o (e

Rf1+Rp
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This newly created pole (fp3) should be placed beyond the unity gain bandwidth. This
can be written as:

fp3 > 2.2- GBWhax (3.19)

From (3.18):

1
fp3 - 27F(Rf1 H sz)CC

Using the information from Fig. 3.18 in (3.19), we get f,3 = 7.6 MHz. This gives:

> 2.2-GBW pax (3.20)

C. < 1.8pF (3.21)

The bandwidth requirement of the error amplifier can be estimated from this. The value
of the compensation capacitor determines the LHP zero. It has to be ensured that the non-
dominant pole of the uncompensated regulator (fj2) is placed close to this frequency. This
gives:

foo=rfr= #HCC (3.22)

This gives f, = 930kHz. The complete schematic of the HV regulator is shown in the
Fig. 3.22. A flipped voltage follower based class AB amplifier is implemented as the error
amplifier for high slew rate performance [36], [37]. The design of the high side linear
regulator follows the same principle as explained so far. It is not presented here for this
reason. Also, the load current requirement of the HS regulator is much lower as this is used
to bias the HV protection transistors in the HV pulser circuit. It needs to sink only a few mA

of current which happens due to the flipping of the latch in the pulser circuit.
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Error Amplifier

Wb

Voo

|biasCD

Vb

Vref

— C,

Fig. 3.22 Schematic of the linear regulator with a class AB error amplifier.
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Fig. 3.23 Magnitude and phase response plot of the loop-gain of the uncompensated regulator
at the two dc operating points.

Loop-gain analysis is performed to estimate the stability of the circuit. The magnitude
and phase response plots of the uncompensated regulator loop-gain for the two operating
points (no load condition and 100 mA load condition ) are illustrated in Fig 3.23. It can be
seen that, when the load current increases, the loop-gain of the regulator increases, which
brings the non-dominant pole inside the unity gain bandwidth thereby degrading the phase
margin. Also, with increase in the load current, the small signal output resistance of the pass
transistor is reduces, which reduces the overall output resistance of the node thereby pushing
the dominant pole f,; to higher frequencies. The loop-gain response of the compensated
regulator is shown in Fig. 3.24. It can be seen that the circuit now exhibits a phase margin of

more than 60° at both the operating conditions.
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Fig. 3.24 Magnitude and phase response plot of the loop-gain of the regulator at the two dc
operating points after adding the compensation capacitor.
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3.3.1 Measurement results

The die micro-photograph highlighting both the designed regulators are shown in the Fig. 3.25.
It can be seen that the high side regulator occupies smaller layout area as the pass transistor
in this case is much smaller due to the smaller load current requirement. To check the start
up behavior, the 15V supply is ramped up with 10 ns rise time. The regulator takes roughly
about 270 ns to start up and settle to its final value. This is illustrated in Fig. 3.26.

«—A408 ym—

e

T l T l T l T l T l
15 —- :
S10 :
@ |
g T |
S5 :
0 . |—Regulator ||
vy
| | | I I I I
-600 -400 -200 0 200
Time (ns)

Fig. 3.26 Measurement results showing the start up behavior of the low side HV regulator.
The regulator settles to around 10.2 V in 270 ns.

The line regulation performance is measured and is illustrated in Fig. 3.27. The measured

line regulation is estimated to be 100 mV/V. The load transient performance of the regulator



44

Integrated Circuits for CMUT Transceiver Interface

when used in the CMUT pulser system is shown in Fig. 3.28. The result shows the case when
all 8 pulsers of the transceiver system are switching together. In Fig. 3.28a, the DC coupled
result and in Fig. 3.28b, the regulator output is AC coupled for easy measurements. It can be
seen that the maximum voltage overshoot seen at the regulator output is 700 mV. The circuit

takes around 200 ns to settle to a stable value after experiencing the load current transient.

This matches well with the design specifications.

Fig.

HV pulse (V)

Fig. 3.28 (a) Measurement result showing the transient load response of the 11 V linear
regulator when all 8 channels of the HV pulsers are turned on; (b) The regulator output ripple

3.27 Measurement result showing the line regulation behavior of the low-side regulator.
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Table 3.3 Performance parameters of the low side linear regulator.

Parameter Value
Vin 15V
Vout 11V
IL.,max OmA
IL,min —-100 mA
Ig 110 pA
Line regulation 100 mV/V
Load regulation 100 mV/mA (simulation)
Power efficiency 73 %

Cext 6 IlF
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3.4 Low Voltage Receiver Front-End Design

As described in chapter 2, a single CMUT element can be used as both a transmitter and
receiver of acoustic signals at ultrasonic frequencies. The circuit architectures to use the
CMUT in the transmit mode of operation are presented in the previous sections of this chapter.
To operate the CMUT in the receive mode, a dc bias voltage is applied to the CMUT. This
bias should be close to the pull-in voltage (collapse voltage) for optimum electro-mechanical
transduction efficiency [10] [7]. The interfacing scheme proposed in this work ensures that
the bias voltage can be close to the pull-in voltage. The ultrasound signals incident on the
CMUT membrane will cause the membrane to vibrate causing it to change its capacitance
which in turn produces an alternating current. A pre-amplifier circuit can be used to readout
this current signals. A small CMUT element has a large resistance. To interface such a high
impedance sensor, a current input amplifier is required. A transimpedance amplifier (TIA) is
used to convert the CMUT current to a voltage output. Before going into the details of the
designed TIA circuit, different current amplification methods are briefly discussed below.

3.4.1 Open-loop transimpedance amplifiers

The simplest TIA that can be implemented to convert an input current into an output voltage

is by using a resistor. The TIA implementation with a single resistor is shown in Fig. 3.29.

VDD

Vn2,out
CMUT% _ T °
Vout in2 RL I C

RL = =

@) (b)

Fig. 3.29 (a) Conversion of CMUT current to voltage output; (b) Equivalent circuit.

The circuit provides a transimpedance gain of Ry. If we represent the total parasitic
capacitance including the CMUT capacitance at the node Vi, as C;, the bandwidth can be
written as 1/27Ry C;. This shows that there is a direct trade-off between noise, bandwidth
and gain. From the equivalent circuit in Fig. 3.29, the total input referred noise current can
be written as:

[27. = (3.23)




3.4 Low Voltage Receiver Front-End Design 47

This shows that to minimize the noise, the value of Ry, has to be maximized. This also
increases the transimpedance gain, however reduces the bandwidth. Typically, this resistor
termination is followed by an amplifier. This direct trade-off between key performance
parameters indicates that this simplistic approach is not suitable for high performance
applications. Hence, other topologies have to be considered.

Another open loop transimpedance amplifier which is commonly used for high impedance
sensors, 1s the common-gate (CG) based TIA. This is shown in Fig. 3.30a. The input current
is applied at the source and the output is taken from the drain of the transistor M. All of the

input current flows through Rp. Hence the transimpedance gain can be written as:

AT =Rp (3.24)

R
RD Rl D

Vout

VBias o—| M; 1 My

|
<—| M
) 5 '? ?
™ Bias lin
Bias lin

VOLIt

(a) (b)
Fig. 3.30 (a) Schematic of the CG-TIA; (b) Regulated cascode CG-TIA.

The input resistance of the CG-TIA topology can be derived from its small-signal model
and it can be written as [38]:
Rp

1
Rin ~ + (3.25)
&m + &mb (gm +gmb) To

If ry — oo, the input resistance becomes:

Rin~ —— (3.26)

With advanced process nodes, the value of r, is not very high and the second term in
(3.25) is not negligible. This increases the input resistance of the TIA. Another drawback
of the CG-TIA is that the noise of the biasing current source and the load resistor Rp are

referred to the input with a factor of one. This makes the total input referred noise of this
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topology to be higher compared to other closed loop TIA topologies [39] [38]. Further, for
higher gain, the value of Rp needs to be maximized. This brings a direct trade-off between
transimpedance gain and output swing. A regulated cascode TIA (RGC-TIA) is illustrated in
Fig. 3.30b. This topology aims to boost the gy, of the CG transistor M by using negative
feedback. The negative feedback is implemented using a CS amplifier stage formed by M,
and R|. The g, is multiplied by a factor which equals the gain of the boosting amplifier.
This lowers the input impedance and also extends the bandwidth. As the gy, is boosted by
a factor of (1+Agp), the noise performance is expected to improve as compared to the CG
TIA [39]. The issue with the headroom still remains with this topology. Hence, feedback

TIA topologies are investigated.

3.4.2 Feedback transimpedance amplifiers

As explained in the previous section, trade-offs in terms of noise, voltage swing and power
consumption of open loop TIAs force us to use feedback amplifier topologies for the TIA
design. A shunt-shunt feedback amplifier configuration can be used. In this configuration,
the output voltage is sampled by a feedback network and a proportional current mixing is
performed at the input. Hence the name shunt-shunt feedback. This results in lowering both
the input and output resistances. Hence, such a topology is well suited for a current to voltage

conversion.

Vb Vop

(a) (b)
Fig. 3.31 (a) A feedback TIA with common gate input stage (Shunt-shunt feedback amplifier);
(b) Closed loop small-signal model.

A small-signal analysis can be performed, to identify the small signal parameters of
this feedback amplifier. In these kind of feedback amplifiers, it is required to consider the
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loading effect of the feedback network (B network) on the input and output of the amplifier.
An analysis technique based on [40] is followed. The closed loop small-signal model of
the common gate shunt-shunt feedback amplifier is shown in Fig. 3.31b. Rg; and Rg,, are
the equivalent resistances seen looking into the § network from the input and output of the
amplifiers. The open loop small-signal model derived from the closed loop model is shown
in Fig. 3.32.

R gmlV gsl

R; |_, o1 lo2 J Ro
VvV <|*_o

= O et —) °
i * +
RS O *
Vi Vg1 Ry v ) Ry R3 R Ry Ti*f Vo

+

]

Fig. 3.32 Open loop small-signal model of Fig. 3.31b.

The open loop gain can be expressed as:

Vi Vi
Ao = 2= (3.27)
vg2 Lin

The feedback factor can be estimated from the open loop small-signal model in Fig. 3.32.

*k
i 1

=—=—— 3.28
ﬁ Vé; R2 ( )
For large values of Agr, closed loop gain can be written as:
Vo AoL
Ac,=—=—"——"F>-="R; (3.29)
in  1+AoLB

This circuit topology still exhibits the problem of output voltage swing. Hence, a
feedback TIA where a common-source amplifier as a core amplifier is used for this work. A
feedback resistor Ry around this stage provides the required transimpedance gain. A typical
implementation of this TIA circuit is shown in Fig. 3.33. The source follower isolates the
high impedance node from loading effects of the feedback resistor Ry and also from the input
capacitance of the next stage. Additionally, this improves the loop gain of the circuit.

Small-signal analysis can be done to estimate the closed loop parameters of this resistive
feedback common-source TIA. The closed loop small-signal model of the circuit in Fig. 3.33
is shown in Fig. 3.34. The loading effect of the feedback resistor is estimated as in the

previous circuit topology and the open loop small-signal model is derived. This is illustrated
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Fig. 3.33 Schematic diagram of a resistive feedback transimpedance amplifier.

in Fig. 3.35. The open-loop circuit parameters are estimated from the open-loop small signal

model.
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Fig. 3.34 Closed-loop small signal model of the TIA.

Referring to Fig. 3.35, the open loop gain can be written as:

* * *
Vout _ Vout . Vg4

AoL=—=— " (3.30)
Lin vg4 Lin
Vour = 8maVa (ro4 || 7o3 || Ry) (3.31)
We can write vj as:
V3 = Ve — Vour (3.32)

We can write (3.31) as:

Vout = 8ma (Vea — Vour) (roa || 703 || Rr) (3.33)
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Fig. 3.35 Open-loop small signal model of the TIA.
Rearranging this gives:

Vou _ _ 8ma(roa [ o3 [[R) 1 (3.34)
Vea 1+ 8ma(roa [| ro3 || Re)

Now, estimating the 2nd component of (3.30),

Vo4 = —8&m1V] (Yol || 702) (3.35)

Vi =iy Ry (3.36)
Substituting (3.36) in (3.35) and rearranging, we can write:

v;
= —gmiRs (ro1 || 702) (3.37)

in

Combining (3.34) and (3.37) open loop gain can be written now as:

AoL = —gmi1R (o1 || r02) (3.38)

The open loop input resistance can be estimated as:

Rin = Ry (3.39)

To calculate the output resitance, we apply a test voltage v; at the output and measure the

resulting test current ;. All the other independent sources need to be nulled.

* 1 R
It J o

+ V-

o 2c o

— ]
Y V* Vi
)gm4 220y 2103 R¢

= T L

TN

Fig. 3.36 Open loop small-signal model to calculate the output resitance of the TIA.
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We can write:
v = (gmavs +it) (703 || 704 || Ry) (3.40)

Substituting for v5 = —v; and rearranging, we get:

i 14 gma(ros |l roa | Re) gma

To estimate the feedback factor 8, refer the Fig. 3.35. B can be written as:

B = fo (3.42)
out
At the output, we can write:
Vour = —if Ry (3.43)
From this we can write: i {
P R (345

Now, the closed loop parameters of the circuit can be estimated. The closed loop gain
can be written as:

iin  1+AoLB 1+ —gmiRe(rol | roz)%fl

The loop gain is calculated as:

—1
Arg=14+AoLB =14+ —gmiRs(ro1 || 702) - R 14 gmi (ro1 || Fo2) (3.46)

Since, we have a shunt-shunt feedback, the input and output resistances with feedback

can be written as:

Rt

Rine = (3.47)

M T gmt (ol || 7o2)

1

Rot = fel (3.48)

of 1+gm1 (”ol ” roZ)

The bandwidth of the resistive feedback TIA is equal to [38]:
1 V240L

fo3dp = — (3.49)

21 RiCiy
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Where, Aoy is the open-loop gain of the core amplifier, Ry is the feedback resistance and
Ciy 1s the total capacitance at the input of the TIA including the parasitic capacitance and the
CMUT capacitance.

The input-referred noise current of the circuit is given by [38] :

2
12_ o 4kT + Vn,in,core

njin Rf R% (3.50)

In order to have a higher open loop and hence loop gain, a cascoded common source
amplifier is used as the core amplifier in the final implementation. This is followed by a
NMOS source follower. The circuit is illustrated in Fig. 3.37. The feedback resistor is
implemented using a P-doped poly resistor. This type has a relatively high sheet resistance
and very low temperature coefficient. Four different resistance values 100k€, 200 k€,
250kQ and 300 kQ are provided in the feedback path which can be selected using an SPI
interface. Hence, a discrete adjustable gain TIA is implemented. The transistor Ms has its
source and bulk connected together to eliminate the body-effect. This lowers the Vi, of M5
and hence increases the output voltage swing of the TIA. The deep-trench isolation (DTI)
provided by the technology allows the NMOS transistors to be placed in its own well. This

comes with a small area penalty though.
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Fig. 3.37 Schematic diagram of the designed resistive feedback transimpedance amplifier.

|
|
|
SN 1L, M
|
|
|
|

5.

The switches at the input to change the transceiver from transmit to receive mode are also
shown in the red dotted box in Fig.3.37.



54 Integrated Circuits for CMUT Transceiver Interface

Measurement results
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Fig. 3.38 Die photo and the layout of the receiver circuit is highlighted.

The layout of the TIA is highlighted in the die micro-photograph in Fig. 3.38. The
frequency response of the TIA is estimated by applying a current input and measuring the
output voltage. The frequency response for the four different gain settings is shown in
Fig. 3.39. The f_34p for each case can also be read-out from the figure and can be observed
that with increasing gain setting, the bandwidth is reduced as expected. For the highest gain
setting of 300 k€Q, an f_34g of 4 MHz is observed which meets the target specification of the
design. The input-referred current noise of the TIA is measured using the noise function
of the spectrum analyzer. The current noise spectrum for all the gain settings are shown
in Fig. 3.40. At the highest gain setting, an input-referred noise current of 2.6 pA/v/Hz is
measured. For smaller gain settings, the noise values can be seen to be increasing.

Since the chip has both HV pulsers and low voltage TIA integrated on the same die,
it is important that the TIA circuit is well isolated from the HV pulsers. This crosstalk is
measured by pulsing with HV channel 1 and measuring at the output of the channel 1 TIA.
The HV pulser is switching at 2 MHz with a peak to peak output of 49 V. The input to the
TIA is left open. From the frequency spectrum in Fig. 3.41b it can be seen that there is an
isolation of —70 dB between the HV pulser and the TTA. This is negligible and shows that
the TIA is well isolated from the HV pulser. This can be attributed to the DTI provided by
the technology.

The isolation between adjacent receive channels are also very important in a multi-channel
CMUT transceiver ASIC. To evaluate this, a current input is applied to channel 1 TIA and the
channel 2 TIA input is left open. The output of both the TIAs are measured. The measured
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Fig. 3.39 Measured frequency response of the TIA.
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Fig. 3.40 Measured input-referred noise current.

transient and spectrum are shown in Fig. 3.42. It can be noted that the isolation between the
two channels is only around —29 dB. This could be due to that fact that the TIAs have poor
CMRR due to its single ended topology.

The dynamic range of the TIA is another important parameter. The dynamic range for the
TIA is measured for each of the gain setting of the TIA. The measurement data is illustrated
in Fig. 3.43. It shows the output voltage of the TIA for different values of input currents. For
the highest gain setting of 300 kQ2, we can observe a dynamic range of 34 dB. The bottom
left side of the plot shows the noise floor of the TIA. The dynamic range values for each gain
setting is listed in table 3.4. As expected it can be seen that the dynamic range decreases
drastically with increasing gain. For the lowest gain setting of 100 k€, the TIA has a dynamic
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Fig. 3.41 (a) Measured crosstalk between one HV pulser channel and the TIA of the same
channel; (b) Frequency spectrum of the two circuits.

range of 47 dB. A TIA that is optimized for power consumption and area is designed in the

final chip version ProTaktilUS_CO0, which is presented in the next section.

Table 3.4 Dynamic range of the TIA for different gain setting.

Feedback resistor

Dynamic range

Rf = 100 kQ
Rf =200kQ
Rf =250kQ

Rf=300kQ

47dB

42dB
37.5dB

34dB
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Fig. 3.42 (a) Measured crosstalk between two adjacent receive channels; (b) Frequency

spectrum of the two channels.
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Fig. 3.43 Measurement data showing the TIA dynamic range.



58 Integrated Circuits for CMUT Transceiver Interface

Super source follower

Source follower circuits are a widely used building blocks. They allow voltage source at high
impedance to be transferred to a low-impedance voltage source. The output voltage follows
the input with a level shift up or down depending on if it is NMOS or PMOS based.

Vop
Vi
1aS M 9
VUUt

Vout
0

G .S
Vin M, (f\? Vin ? OmVsg % rol%"oZ? ImbVbs
D
=

@) (b)
Fig. 3.44 (a) A PMOS source follower; (b) small-signal equivalent circuit.

Small-signal analysis can be performed to find the voltage gain and the output resistance

of the circuit. By applying KCL at the source node, we have

Vi Vi
ZmbVos = gmVag + — + — (3.51)
Yol To2
From the circuit inspection, we have Vi,g = Vi, — Vs = —Vou and Vg = Vour — Vin. Also
assuming r,| = rop = o, and substituting this into (3.51), we get the voltage gain as:
Vi
A, = out _ Sm (3.52)
Vi 8&m +8&mb + o
Since the value of r, is very high we can write the gain equation as:
1
y— . (3.53)

C gmtgmy 147
If we ignore the body effect, we can see the the voltage gain of the source follower A, ~ 1.
The output resistance of the source follower can be estimated from the small-signal model
in Fig. 3.44 by nulling the input voltage source and applying a test voltage V; at the output.
Again assuming the output resistance of the MOSFET’s r,, is a large value, we get:
Rout = o (3.54)
&m 1 &mb
This value will be a few kQ. This is not really that low. When driving low resistance
loads, this value of output resistance is not small enough and will lead to loading effect on

the buffer. Another requirement for voltage buffers is that they should have fast settling
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performance which is not limited by slew rate. The conventional source follower shown in
Fig. 3.44 is of type class A. The slew rate is limited by the bias current. There is a trade-off
between slew rate and power consumption. Class AB voltage followers are desired to have
an improved slew rate performance without large power consumption. The class AB circuits
provide a dynamic load current which is much higher than the biasing current during a large
input voltage transient. This can be expressed as the current boosting factor (CBF) [41]

which can be written as:
Iout(max)

Ibias

CBF =

: Vout
)

|
Dvies :
o
]

o JH—Cp

Fig. 3.45 Schematic diagram of a super source voltage follower.

A super source follower (SSF) architecture is used to achieve high CBF and low output
resistance. A PMOS class AB super source follower is illustrated in Fig. 3.45. The SSF
part is highlighted with the dotted red box. The transistor M3 provides a negative feedback.
When there is an increase in current through My, this causes the gate of M3 also to go up
which results in the source of M| getting pulled down. This eventually results in a reduced
overdrive voltage for M; which lowers the current. This confirms negative feedback. As a
result of this applied negative feedback, the output resistance is further lowered. This can
be proven using the small-signal model from Fig. 3.46. The voltage gain of the SSF is first
derived. The body transconductance g is ignored. Applying KCL at the v, node we can

write:

1% 1% Vos3
EmaVess + 2 M B (3.55)
ro2 o3 Fo4

| 1 1
Vout (_ + I"_) +Vgs3 <gm3 + r_> =0 (356)

Vo2 03 o4
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Applying KCL at the gate of M3, we get:

Vout —Vgs3  Vgs3

8m1Vsgl + 0 (3.57)

Tol To4

Vout (gml + %) —&8ml1Vin
Vgs3 = i i (3.58)

Tol To4

Since % < gm1, we can write (3.58) as

Vos3 = (Voutgml _gmlvin) (rol H ro4) (3.59)
GlO 081 QVOUt
Vin ?gmlvsgl% o1 %roz %l’os # Om3aVgs3
Gs
L ® as
Fo4 Vgs3

Fig. 3.46 Small-signal equivalent circuit of the super source voltage follower.

Substituting (3.59) into (3.56),

1 1
Vout <_ + _) + &mi (Vout - Vin) (rol H r04)grn3 =0 (3.60)
o2 103

If we assume the small-signal output resitances of all the transistors to be r,, we can write

(3.60) as,
__ Vout _ gmlgm3ro/2

A, = =~
Vin %+gm1gm3ro/2

(3.61)

The output resistance of the SSF can be calculated by nulling the input voltage source
and applying a test voltage v; at the output node and measuring the test current i;. Applying

KCL at node v;, we get:

v Ve v
gm3Vg33+_[+_z+g_S3 =1 (3.62)

o3 To2  To4

1 1 1 )
Fo3  To2 Fod
Writing the KCL at the node G3 we get:

Vs Vi — Vg

2 g 22 (3.64)

To4 7ol
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<gm1 + t) Vt
Vg3 = =1 — (3.65)

”01“’04

AS % << gml,

Vegs3 = &ml1Vt (rol H r04) (3.66)
Substituting (3.66) into (3.63),

1
L (3.67)
It m‘i‘gmlgmi% (rol H r04)
Since the values of output resistances are quite high, we can approximate this as:
1
Rou = = (3.68)

It B 8m18m3 (rol || r04)
Comparing (3.68) with (3.54), it can be seen that the output resistance for the super
source follower is a lot smaller than the conventional source follower by roughly a factor of

gm3 (ro1 || roa) - The circuit has an input common mode range given by;

Vin(min) = VGs3 — Vrup (3.69)

Vin(max) < VDD — VD sat — Vs M1 (3.70)

The class AB operation of the SSF is achieved by using a quasi floating gate transistor
(QFG) [41]. Tt is a MOSFET with a weak gate connection to the DC bias voltage. This
can be achieved using a large resistor. Referring to Fig. 3.45, the transistor M, is the QFG
device. The transistor Mg is in cut-off and provides the large resistance needed to weakly
connect the gate of M; to the biasing voltage. This sets the quiescent current in the output
branch accurately. A large transient voltage at V;, causes the gate of M3 to move in the
opposite direction. The variation at this node is transferred to the gate of M, with the high
pass filter formed by C. and Mg. The current in Mj is not limited by the bias current. Hence
the follower operates as class AB. As Mg operates in cut-off region, it offers are very large
resistance in the GQ region. As a result, the cut-off frequency will be under 1 Hz and blocks
the DC effectively.

A SSF with a quiescent current of 25 pA is designed. The simulation result showing the
step response can be seen in Fig. 3.47a. A 1V input voltage step is applied and the output is
plotted. The drain currents through the transistors M; and M, are also shown. The push pull
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Fig. 3.47 (a) Simulated response of the SSF to a step input voltage; (b) Drain currents of the
transistors M, and M;.

Table 3.5 Performance parameters of the super source follower

Parameter Value
SR+ 87V /us
SR- 27V Jus
Load cap 10pF
CBF 15 A/A
Input noise 68nV/v/Hz @ 2MHz
Quiescent power 376 uW

action can be seen by the large dynamic currents during the pulse edges. As illustrated, this
current is much higher than the quiescent current. An output load capacitance of 10 pF is
used for the simulations.

The complete receiver front-end combining the low power TIA and the super source
follower is designed. The circuit performance has been verified using post-layout simulations.
The laboratory measurement results of this circuit block is not available at the time of writing
this thesis as the chip is still under fabrication. The layout of the complete receiver circuit
with the TIA followed by the SSF is shown in Fig. 3.48. The circuit occupies a total area of
0.04 mm?.

In table 3.6 the performance parameters of the two versions of the TIA are listed and com-
pared with prior art. The TIA on the chip version A0 is mentioned as TIA_AQ (measurement
values) and the TIA on the final chip version is mentioned as TIA_CO (simulation results) in
the table. It can be seen that this work compares favorably with the listed works in terms of

large transimpedance gain and low noise performance. This design also occupies the smallest
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200 pm

v

< 200 um

Fig. 3.48 Layout of the TIA with super source follower.

area. The bandwidth is on the lower side as compared to the state of the art. This can be
attributed to the high value of the feedback resistor used. The power consumption is also
comparable. However the listed work in [29] reports extremely low power consumption with
similar performance parameters. The new TIA version improves on the power consumption
a lot. An FOM can be used to compare the different works. This is a slightly modified FOM
as reported in [39] and [42] by removing the input capacitance as all the works do not report

the input capacitance values.

FOM — /BW [GHz|Rt [Q] (3.71)
Noise [pA/ \/E] P[mW]|

From the FOM numbers, it can be seen that the AO version of the TIA shows poor
performance when compared with the state of the art. The power consumption and area
occupied are on the higher side for this design. The CO version with the new TIA design can
be seen to improve massively on these numbers and achieve the best FOM compared to the
state of the art.



64

Integrated Circuits for CMUT Transceiver Interface

Table 3.6 Measured performance parameter of the TIA circuit compared with prior art

Parameter TIA_AO TIA_CO [43] [12] [29] [44]
Gain (dBQ) 109 105.8 87-99 15-32 95.1 108-119
dB(LNA)
Bandwidth (MHz) 4.7 6.6 20 11 12 16
Input 2.6 0.95 4nA (rms) 4.1 3.5 1.96
Noise (pA/vHz) nV/vHz
Dynamic range 34 46 NA NA 53
(dB)
Area (mm?) 0.1 0.04 0.3 N.A 0.15 18
Power (mW) 6.6 1 6.26 0.38 3.3
FOM 1198 9030 2330 - 4678 4889
120 T T TTTTTTT T T TTTTTTT ’N\3o T T T TTTTTIT T 1T T
——Rf=100kQ < - — -Rf=100kQ
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Fig. 3.49 (a) Gain of the receiver; (b) Input referred noise of the receiver.
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3.5 Start-up clamp circuit

The CMUT transceiver chip has multiple power supplies on the chip. For this work, we have
a 3.3V used as the low voltage supply, 60 V and 15V as high voltage power supplies which
are applied externally. Two on-chip HV linear regulators produce 56 V and 11 V internally.
The HV SOI process which is used for design can support up to 200 V for Vpg and Vgg,
however the maximum Vgg that can be supported is 5.5 V. Hence, care must be taken to
make sure that this limit is not exceeded at any point in time. In these kind of multi-voltage
systems, the power up is really crucial. As explained in the section 3.2.3, the MOSFETs M3
and M, are biased by the HV linear regulators. These linear regulators take a finite amount
of time to power up to their designed voltages. However, the HV supplies Vppy ns and
Vpph,Ls Which are supplied externally are ramped up with a faster slew-rate. So this puts
the gate of the transistors M3 and M, under the risk of breakdown. Hence, a start-up clamp
circuit is designed which pulls the gate of M3 and My to Vppn as and Vppn,Ls until the
HV linear regulators reach their designed voltage levels. A block diagram of this start-up
clamping circuit is shown in Fig. 3.50.

o
M, Jp—+—d EM3 | MOSFETs |

 floating at HV!

P

Vooavs

Vssh

Bandgap
reference

Comparator EMPD —H E M;

|

o— 1+
Vsense :
|

= HV driver

Fig. 3.50 Block diagram of the start-up monitor circuit.

It is assumed that the low voltage power supply comes up before all the HV supplies.
This can be easily done externally using a supervisor IC. A comparator is used to compare
the fedback voltage of the HV regulator ( we can call it Vepe) to the output of a bandgap
voltage reference. The bandgap is designed to produce a voltage of 1 V. Initially, when
only the 3.3V is available, the Ve is at 0 V and the comparator output is low. This makes
Clamp_EN to go to high. M is turned on and pulls the gate of M, low. M, can be sized to
make sure that the Vgg is within the limits. This turns on M3 and the nodes of the floating
transistors are pulled to Vppg.
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The Vgenge voltage will be at 1.2 Vwhen the HV regulator reaches its designed value.
When the Vepse goes above the bandgap voltage, the comparator output goes high and turns
on the MOSFET Mpp. This pulls down the node Clamp_EN turning off M. This turns off
M; and M3 resulting in the release of the clamp.

3.5.1 Bandgap reference circuit

*************** VD

=
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o
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- + BGRout
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LR _KQl’l _KQZ’S LR

£

Fig. 3.51 Schematic of the 1 V bandgap voltage reference circuit.

The schematic diagram of the 1 V bandgap voltage reference circuit is shown in Fig. 3.51.
The circuit follows the same design principle as in [45]. This circuit topology allows the
design of bandgap reference circuit with voltages different from the standard 1.2 V output.
The main idea here is to split the total current into a CTAT and PTAT values and then the
sum of these two values are driven through an output resistance to produce a voltage which
is constant with respect to temperature. It can be shown that the output voltage of the BGR
circuit can be written as:

N
VREF = I’l.VT.N.lI’l(K) + Z.VQl (3.72)
To get the variation of the BGR voltage with temperature, a derevative of (3.72) can be taken.
This gives:
aVREF aVT N aVQ]
=n.N.In(K). —. 3.73
or NS T ©G-75)
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In order to achieve a zero temperature coefficient for the BGR, we need the reference

voltage to stay constant with temperature. Equating (3.73) to zero gives:

8VQ1

_JT (3.74)

a n.ln(K).%LTT

For this design we use K=8. Also the terms % and %LTT can be accurately determined

by simulations. To design for a particular reference voltage, (3.72) can be re-written as:

Vi
= REF (3.75)
n.Vr.n(K)+ 3

The design values for the BGR circuit is listed in table 3.7.

Table 3.7 Design values for the BGR circuit

Parameter Value (in pum)

L 9.6
N 8.3
R 9kQ
Ibias 2uA
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Fig. 3.52 (a)Post-layout simulation showing the BGR output voltage against temperature
sweep; (b) BGR output variation with a dc sweep of the supply voltage.

The post-layout simulation results of the BGR circuit is shown in Fig. 3.52. In Fig. 3.52a,
the output voltage is plotted against the temperature variation from -40°C to +125°C. The

temperature coefficient can be calculated as:
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Vimax — Vimin
14 (@Tref) . (Tmax - Tmin)
This is calculated to be 28 ppm/°C. In Fig. 3.52b, the BGR output voltage is plotted
against the variation of the input supply voltage. It can be seen the BGR can start up with a

TCy,, = -10%ppm/°C (3.76)

minimum supply voltage of 1.3 V. This is limited by the output voltage of the circuit.

3.5.2 Symmetric OTA
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Fig. 3.53 Schematic of the OTA used as comparator.

A symmetric OTA with a partial positive feedback gain boost is used as the comparator for
the clamp release circuit. This is the same topology used in the section 3.3. To demonstrate
the performance of the complete start-up protection circuit, post-layout simulations are
performed on the complete system combining the HV pulser, HV linear regulator and the
start-up clamp circuit. This is illustrated in Fig. 3.54. It can be seen in 3.54(a) that at circuit
power-up, when the HV supplies are not turned ON, the Clamp_EN signal is high. Later
when the HV supplies are powered up, the pull-up transistor M3 in Fig. 3.50 pulls up the node
Vssy and it tracks the Vppy. Once, the voltage at node Vggnsg goes above the reference
voltage, the Clamp_EN signal goes low and the Vggy settles to the regulator output voltage.
This way it can be ensured that the floating devices can be protected during chip start-up.
The only condition that needs to be maintained is that the low voltage supply needs to be
powered before the HV supplies. This can be easily ensured at the PCB level using an off the
shelf supervisor IC.
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Fig. 3.54 (a) Plot showing the operation of the clamp circuit; (b) the 60 V power supply
ramp-up and the ramp-up of the 56 V linear regulator is also shown here.

3.6 Transceiver Chip Performance and Comparison to State
of the Art

Three versions of the transceiver chip have been designed each with incremental performance
improvements and feature addition. Two versions of chips have been fully characterized
in the lab. In the table 3.8, the performance summary of the designed transceiver ASIC is
presented and a comparison with state of the art is made (CMUTs and piezoelectric based
transducers are both included). Even though, an accurate comparison of certain parameters
is difficult due to the fact that the targeted application and specifications are different, it can
be seen that this work compares positively in terms of power consumption from the HV

supply. Our work integrates the HV driver including level shifters and can achieve power
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levels better than the state of the art listed in the table except [44] which has lower power
consumption from the HV supply. However this work does not include on chip HV pulsers.
The noise performance also compares favorably which shows that the removal of the HV
switch from the receive path indeed improves the noise performance. The peak to peak pulse
amplitude and frequency of operation is also one of the highest. It can also be seen that only
in our work, the HV biasing of CMUTs is moved on-chip. For this reason, the chip active
area is slightly on the higher side for our work compared to the state of the art.

To summarize, it can be concluded that this research work advances the state of the art
designs of the ultrasonic transceiver ASIC by removing the external bias tee circuit and
obtaining performance parameters that are comparable with the other works. A multi-channel
interface ASIC is developed that can be successfully used for a pulse-echo operation with a
CMUT array.
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Pulse-echo operation

To test the system level operation of the transceiver ASIC, pulse-echo operations are per-
formed using a single element CMUT sample. As the CMUT samples available for testing
have a voltage requirement lower than the default operational values of the ASIC, the internal
HV linear regulators are turned off and the appropriate voltages are applied externally from a
power supply. For the first system measurement, a CMUT designed for airborne application
is used. The CMUT parameters are listed in the table 3.9. 25 V pulses at 1.95 MHz frequency

are applied with a 10 ps transmit time. The pulse burst is applied at every 1 ms.

Table 3.9 Parameters of the CMUT used for testing

Parameter Value
Capacitance 17.09 pF
Impedance 0.93 MQ

Resonance frequency (at 25V DC bias) 1.95 MHz
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Fig. 3.55 High voltage pulses applied to the airborne CMUT under test.

The result of the pulse-echo operation is shown in Fig. 3.55 and 3.56. The measurement
is performed in air. It can be noted that the distance measured is quite low which shows
the high attenuation of the ultrasound waves in air. Also the CMUTSs operated in air has a
very low fractional bandwidth. This requires the HV pulses to be very close to the CMUT

resonant frequency to actuate it and produce and high amplitude acoustic signal.
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Fig. 3.56 Echo received at the output of the transimpedance amplifier measured by oscillo-
scope with the target at approximately 1 cm from the CMUT.
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A second pulse-echo operation is performed with another CMUT optimized for fluid
operation. A test set up is built using a glass beaker and silicone oil. As silicone oil is
non-conducting, the immersion measurement can be performed safely. The CMUT chip is
wire bonded on a interface PCB and connected to the transciever chip board using flexible
cables. The CMUT parameters are listed in the table 3.10

Table 3.10 Parameters of the CMUT used for fluid testing

Parameter Value
Capacitance 18 pF

Resonance frequency 4 MHz
Pull-in voltage 19V

The measurement result is shown in Fig. 3.57. The test is performed with the CMUT
PCB placed 3 cm away from the beaker wall. In the transmit mode, 7 V peak to peak pulses
switching between 18 V and 11V are applied. The number of pulses are set to 10 and the
pulse frequency is set to 4.4 MHz. In the receive mode, the CMUT is biased at 18 V. As it
can be seen, strong echo signals are measured at the output of the TIA. The wide bandwidth
operation of the CMUT in liquid is verified by performing pulse-echo operation for pulse

frequencies in the range from 2 MHz to 6 MHz

HV drive_r output

I? Vop

TIA output
WMWN«WMMMMWM
500V @ 200mv o ‘ ]l

Fig. 3.57 Pulse-echo measurement result of the low voltage CMUT immersed in silicone oil.



Chapter 4

Transmit Beamforming Circuit Design

4.1 Introduction

To create an image using an ultrasonic transducer, it is necessary to focus the ultrasound
beam to a point of interest and then to move it to the next point. So basically, the beam needs
to be focused and steered. The beamforming can be achieved in several ways. The simplest
construction is a single element transducer. In such devices, the size of the transducer
determines the point where the beam is focused. This point is known as the natural focal

point and can be expressed as mentioned in [47] as:

12
Z =0.339-2 (4.1)

A
where Ly is the width of the transducer and A is the wavelength of acoustic wave. Z
is the natural focal point. Using an acoustic lens or by having a curved transducer surface
also enables acoustic beam focusing [8]. However, to steer the beam, the transducer will
have to be moved mechanically. This introduces imaging artifacts and the imaging quality
will be highly dependent on the skill of the technician. This issue can be solved by using
transducer arrays to steer the beam. A linear array can be used to perform beamforming
in a 2D space. Three methods can be used for beam steering using an array: sequential
linear array, mechanical sector scanner and phased linear arrays [48]. In the sequential linear
scanning, a pulse-echo operation is performed with each element of the array one after the
other. Each of this operation produces a B-mode line in the display. The field of view is
restricted by the length of the array. In mechanical sector scanner, the transducers are rotated
around an axis using an electric motor. Phased array scanners produce image by electronic
steering of the beam. By appropriate delay applied to the elements in the array, beams can
be focused at different depths and automatic steering can be also done. In comparison to
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the sequential scanning, each element of the array is used to produce every B-mode lines
in the image. Phased array approach has higher resolution and has higher data rates which

improves image quality [48].

4.2 Beamforming architectures

The possibility to use electronic scanning similar to radar application was first demonstrated
in [49]. A linear transducer array was used for beam steering by using an electronics circuitry
to actuate each array element with a pre-defined delay. An imaging system prototype using
phased array principle was demonstrated in [50] and [51]. Beam steering was performed
both during transmit and receive operation to produce high resolution images. In Fig. 4.1 a
transmit beamforming is illustrated. Low voltage control signals at the desired frequency is
applied to delay elements whose delay can be precisely controlled. These delay elements
then drive the HV drivers which produce the required HV pulses to actuate the transducers in
the transmit mode.

Transducer
HV driver array

iUt
LV pulses

Fig. 4.1 Illustration of the transmit beamforming using a CMUT array.

Use of 2D ultrasound transducer arrays enable the development of volumetric 3D im-
ages [52]. This requires a large number of transducers on the imaging probe. CMUT
technology enables the development of 2D arrays with large number of elements which leads
to improved image resolution, contrast and signal to noise ratio [53]. To perform beamform-
ing operation, each element in the fully populated arrays needs to be individually actuated
and received from. In the conventional designs each element of the transducer requires one
cable. This results in an imaging system with long coaxial cables running to the back-end
where bulky electronics are used to interface those. In order to realize a portable ultrasound

imaging system, the driving electronics that produce the precisely delayed HV pulses can
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be moved close to the transducer. Integrating the beamforming circuity on-chip and using a
monolithic or hybrid integration technique helps with cable count reduction [54] [27]. To
generate accurate delayed driving signal, multiple approaches have been adopted. A simple
digital beamforming architecture was presented in [55] and [56]. This approach is illustrated
in Fig. 4.2. In this approach, the required delay values are loaded into the memory which
is then input to a 10 bit comparator which would produce a high at the output when this
delay value matches to a counter. This enables a one-shot circuitry which triggers the HV
driver circuit. This is a very simple approach. However, to get a very high resolution for the
delay values, a fast counter clocked at very high frequencies is required. Also, the output of
the one-shot circuitry is not well controlled, so the HV output pulse width is not accurately
set. A similar approach was also implemented in [53]. An all digital transmit beamforming
was presented in [57]. Here, the resolution was limited to 25 ns and maximum time delay to
750 ns.

One shot Mux
. Ext Tri i
Out Trig— Out g— Ext Trig
Int Trig
Reset
Reset
Delay Input y Sel 10b Comparator o A BPulser
CLK Phase 1 ™ Out A Equal In out— In out—

CLK Phase 2 — E Ramp .
£l current M-
Count —— One-shot curren

Fig. 4.2 Block diagram of the digital beamforming architecture presented in [55] [56].

To achieve high resolution and accurate time delay between the array elements, several
techniques are presented in literature. In [58] and [59], an integrated phase locked loop was
used on chip to generate precisely controlled clock phases with high resolution. This approach
enables highly accurate clock phase generation. However, a PLL design is complicated and
it is a second order system which makes it harder to stabilize. Also, the frequency of interest
for diagnostic ultrasound application is generally a few MHz range. For this frequency range
the phase noise of the PLL can be higher when compared to a delay locked loop (DLL).
A transmit beamforming chip based on a DLL was presented in [60] and [61]. A main
concern of the design in [60] is that the DLL used is not flexible to accept a wide input
reference clock frequency. Also external receive circuits are used. In [61] only the transmit

beamforming capability is provided. The HV pulsers and pre-amplifiers are external to the
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chip. Further, the fine timer resolution is fixed which results in lack of flexibility in terms
of delay generation. In this work, an 8 channel CMUT transceiver chip with a wide range
analog DLL is presented. The chip can accept reference clock ranging from 10 MHz to
40 MHz. Further, approaches to reduce the static phase error of the DLL is also implemented
to reduce the delay quantization error. Fig. 4.3 illustrates the proposed transmit beamformer
circuit. The core of the circuit is a wide range analog DLL operating at 20 MHz. The DLL
is designed to provide 10 clock phases each separated by 5 ns. A digital block selects these
10 phases based on the programmed fine delay values stored in the registers. A 10:1 MUX
selects the DLL clocks for fine timer operation and a phase shifter is clocked with this
selected clock. The fine timer block also includes a clock divider which divides the input
clock by a 6-bit divider value. A pulse counter circuit takes the output of the clock divider
and provides the programmed number of pulses to the phase shifter. This divided and counted
clock is then shifted out to each of the HV driver. The coarse timer block consist of a global

10 bit counter and a comparator. The comparator of each fine timer block provides an enable

(ENA) signal to the pulse counter once the count value reaches the stored coarse timer value.

A trigger detector blocks waits for an external trigger signal. If the external trigger signal
stays high for atleast 3 clock cycles, the trigger detector enables the coarse timer block. This

is reset at the end of the counting and waits for the next trigger.

10
Z%nsz refClk P1-P1o
N
DLL 8x
Trigger TX Trigger | | Coarse Clk divider 10:1

|—| |—| detector timer Clk MUX

Pulses

8x

ENA Pulse Phase
counter shifter

Comparator
IX EN

Fig. 4.3 Block diagram of the proposed DLL based transmit beamformer circuit.

HV
Driver




4.3 Delay Locked Loop 79

4.3 Delay Locked Loop

Delay-locked loops (DLL’s) are used widely in memory, microprocessors, IO interfaces of
digital circuits for clock synchronization, minimize clock skew and clock and data recovery
circuits (CDR) [62][63]. Certain applications require multi-phase clocks with precisely
shifted phases. Simply delaying the clocks using a delay line could achieve this, however
this is not robust to temperature, voltage or process variations. A precise control over this
can be achieved by putting the delayed clock signal around a loop and locking the delayed
output clock to a reference clock [64]. Since, the principle is similar to that of a phase-locked
loop (PLL), the circuit is sometimes also referred to as the delay line PLL. The key design
objectives of the DLL are wide locking range, fast locking time, low static phase error and
low jitter. In [65] a DLL based CDR circuit is analyzed. DLLs offer higher jitter tolerance
as compared to PLL in such circuits because the power supply and substrate noise induced
phase errors do not accumulate over clock cycles [66]. DLLs also fare better in terms of
loop stability as compared to PLLs. This is due to the fact that DLL is a first order system
as opposed to a PLL where the VCO makes it a second order system. A multi-phase DLL
based built in self test (BIST) circuit was presented in [67].

D1 02 on-1 ®n

® 2°

é

|

\_ J
PD CP &LF

Fig. 4.4 Block diagram of a conventional delay locked loop.

A block diagram representation of a conventional analog DLL is shown in Fig. 4.4. The
key building blocks of the DLL include: a voltage controlled delay line (VCDL), a phase
detector (PD), a charge spump (CP) and loop filter (LF). The negative feedback loop adjusts
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the delay of the VCDL by a control voltage which is proportional to the phase error. In the
locked condition, the reference clock (REF_CLK) and the delayed clock (DCLK) have the
same phase. As the only state variable of the DLL is the phase, a first order control loop
is used to adjust the phase error. Hence the loop filter of the DLL consist of only a single
capacitor. The reference clock is input to the VCDL. The phases of the delayed clock and the
reference clock are then compared by the PD which produces UP and DN signals. These
UP and DN signals are used to control a charge pump which pumps or removes charge from
the loop filter capacitance. The output of the loop filter generates the control voltage (V)
which is used to adjust the delay of the VCDL. Ideally, in the locked state, the VCDL delays

the reference clock by exactly one clock cycle.

4.3.1 Frequency response

The closed loop frequency response of the DLL is analyzed in this section to understand the
loop dynamics of the DLL. A continuous time approximation is used here. The sampling
nature of the phase detector operation is ignored. This approximation is valid for loop
bandwidths which are atleast a decade below the frequency of operation [62] [68]. This
allows us to treat the output of the phase detector as the average value.

Phase detector and
charge pump

Loop filter Delay line

AVeu(s ATou(S)
1/5 Cm( ) KVCDL > »

Fig. 4.5 S-domain linear model of the DLL.

In Fig. 4.5 a block diagram of the s-domain linear model of the DLL in terms of input
and output delay is shown [69]. The state variable used is time which is more meaningful in
the case of a DLL. In the ideal condition, in the locked state of the DLL, the output clock is
delayed exactly by one clock period T.r. The model describes the effect on the output clock
delay when there is a small delay of AT in the input reference clock when the DLL is close
to the locked state. The transfer function of the VCDL can be represented by the incremental

change in the delay to an incremental change in the control voltage. This can be written as:

ATout (S)

— 4.2
AVcl‘rl (S) ( )

Kycepr =
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The phase detector followed by the charge pump generates an output current in response
to the error in the time delay. This can be written as:

Ipd (S) _ Ich
Terr(s) Tref

The loop filter consist of a capacitor whose integral control adjusts the VCDL delay until

Kpp = (4.3)

the phase error reaches zero. The loop filter can be modelled as:

AVctrl (S) o i
Tals)  5C @

The closed loop gain of the DLL can be written as a first order transfer function given by:

1
H(s) = 4.5
(s) 1+s.7 4.5
Where the time constant T can be written as:
= : (4.6)
Kpp-(1/C)-Kycpr .
Trer-C
L 4.7)
Kvepr - Ien

The time constant shows how fast the DLL can react to quick change in input clock frequen-
cies. As stated earlier, for the continuous approximation operation of the phase detector
T > 10T, s. The closed loop transfer function can be written as:
1
H(s)=——— (4.8)

§Trep-C
1+ Kveprlen

We can write the closed loop bandwidth (-3 dB frequency) as:

Ien - Kyepr
= h "VCDL 4.9
W34 =~ Tos (4.9)
Iy - K
Fap = 5T frey (4.10)

4.3.2 DLL operation

The locking operation of a conventional DLL is illustrated in Fig. 4.6. When the VCDL delay
is initially smaller than the clock period, the control loop increases the delay of the VCDL
until the DCLK is phase locked to the CLK. This is shown in 4.6 (a). The phase detector
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compares the DCLK and CLK and produces a DN signal which discharges the loop capacitor
through the charge pump. This results in reducing the control voltage which increases the
delay of the VCDL. The case where the initial delay of the VCDL greater than the clock
period is also shown in Fig. 4.6 (b).

cLk__ 1 L f f L f f
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@)
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uUP I_I

DN E
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Fig. 4.6 Illustration of DLL locking operation and frequency locking range.

Conventional analog DLL can lock to only clock frequencies in a very narrow range. The
initial delay of the VCDL needs to be within the range shown in Fig. 4.6 to ensure that the
DLL does not go into a stuck at minimum delay or harmonic lock problem. The minimum
and maximum delay of the VCDL must be within the below mentioned range to avoid either
of this problem [67]:

0.5 X Terk < Tvepr,min < TeLk (4.11)

Teik < Tveprmax < 1.5 X Tepk (4.12)

This can be expressed in terms of T¢y g as:



4.3 Delay Locked Loop 83

Max {TycpLmin, 2/3 X TvepLmax § < Terk < Min {2 X TyepLmin, TveDLmax ) (4.13)

The inequality above manifests that there is only a very narrow range of frequencies for
which the DLL will operate without entering into a harmonic locking or stuck at minimum
delay problem. If Tycpr max = 3 X TycpL,min, the inequality in (4.13) can not be satisfied
for any value of Tk [70]. Further, with PVT variations, the VCDL delay can vary over
a wide range which makes a reliable DLL design even cumbersome task. Dual-loop DLL
architectures were developed to get rid of the harmonic lock and provide wide locking
range [71],[72], [63]. It was possible to achieve a wide frequency locking range with
these architectures as compared to the conventional. However, the chip area and power
consumption was much higher. Further, the digital dual loop architecture reported in [71]
is not suitable for our application as multi-phase clock output is desired. Digital DLLs
can also achieve a wide operating range, however they have poor jitter performance due
to the frequent phase selection and switching. Also, as mentioned before, they can not be
used for applications where multi-phase clocks are needed. The works presented in [73]
and [74] establishes an initial condition for the VCDL delay using an external reset signal.
Although the work in [75] uses an efficient false lock detector circuit to prevent the DLL
from going into harmonic lock and stuck problems, the reported jitter performance was not
very promising. For our work, a fully analog replica delay line based approach as reported in
[76] and [77] has been designed.

The block diagram of the designed wide range DLL is illustrated in Fig. 4.7. The bottom
part shows the core DLL and the replica delay line (RDL) is placed on the top. The RDL
generates a control voltage V¢, which is used to coarsely adjust the time delay of the VCDL in
the core DLL. A fine control voltage V¢ generated from the loop filter fine tunes the VCDL.
The RDL has the following circuit blocks: a delay cell (DC) with the same design as used in
the main delay line, a current steering phase detector (CSPD) which compares the phase of
the reference clock with the delayed signal, and a low-pass filter (LPF) at the output of the
CSPD to generate the coarse control voltage. The V., is used to adjust the delay of the delay
cell in the RDL as well.



84

Transmit Beamforming Circuit Design

REF_CLK

ﬁ Replica Delay Line

~

CSPD > LPF —e \cr

™ L ™ | DCLK
L L

N e __ A~
Vcf

e N\

N J

PD

CP &LF

Fig. 4.7 A wide range DLL with a replica delay line (RDL).
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CLK

(b)

Fig. 4.8 Replica delay line with current steering phase detector (CSPD) and representation of
waveforms showing operation.

The replica delay line and its operation is illustrated in Fig. 4.8. For the CSPD, the
charging current to discharging current has a ratio of 4:1. The negative feedback in the RDL
loop generates the coarse control voltage V., such that it adjusts the DC to have a delay
of TcLk/10. With ten delay cells in the VCDL, we get a total delay close to Tcpg. The
input to the CSPD are the CLK and a clock signal delayed by the DC (DC — CLK). Since
this is a negative feedback loop, in the steady state, the charge added must be equal to the
charge removed from the capacitor. If the charging and discharging currents were equal, this
would be possible with an equal charging and discharging times. Since here we have four
times more charging current than discharge current, we need 4 times discharge time than
the charging time. The loop will adjust the DC until this state is achieved. This ensures a
charging time of 7 /5 and discharging time of 47 /5. The node V, will be adjusted according
to the DC delay value to achieve this.
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Fig. 4.9 Gain curve of the CSPD and locking range.

The frequency lock range of the replica delay line can be determined using the gain curve
of the CSPD as described in [70] and [77]. The gain curve of the CSPD is shown in Fig. 4.9.
Here, Vy represents the change in the steady state V., value. The x-axis represents the delay.
The arrow in the gain curve shows the direction in which delay will change. If the delay of
the DC in the RDL is less than 7 /5 (TcLk/10), the Vg will have a negative value and the
delay is adjusted until the loop settles with a Tpc of Terk /10. With a Tpc between 7/5 and
97 /5, a positive Vg will adjust the Tpc to lock at /5. If the delay is greater than 97/5, the
V4 becomes negative, i.e, V. will be reduced. This will increase the delay and the RDL will
try to lock at 2z + 7 /5 which is a harmonic lock condition. The following inequality can be

used to express the maximum and minimum delay values needed to achieve locking:

1
0 < Tpc,min < ETCLK (4.14)
! < T < 0 T 4.15)
1o ToLk < Tocmax < 75 TeLk .

We can write these equations in terms of 7cp k. From (4.14) we can write:

Tcrk > 10Tpe,min (4.16)
From (4.15)
Tcrk < 1OTDC.,max (417)
10
Tcik > 5 IDC.max (4.18)

Combining (4.16)-(4.18),



4.3 Delay Locked Loop 87

10
Max{IOTDC,mim ETDC,max} <Tcrk < 1OTDC,rnax 4.19)
If we make Tpc max > 9 Tpc.min, (4.19) can be written as:
10

gTDC,max < TCLK < 1OTDQmax (4-20)

This gives us the best possible theoretical lock range for this DLL architecture at frequency
lock range of 1:9.

4.3.3 Voltage controlled delay line design

The voltage controlled delay line (VCDL) consists of ten variable delay element (VDE).
Each VDE is formed by four delay cells (DC). The total number of VDE connected in the
VCDL chain sets the delay range of the delay line. The three different kind of delay cells are:
shunt capacitor based delay cell [78], variable resistor delay cell [79] and current starved
delay cell [80],[81]. In the shunt capacitor based delay cell, a MOSFET is used to control the
amount of capacitance load connected to the output of a NOR gate. In the variable resistor
based approach, a digitally controlled array of transistors are used as variable resistor to
control the delay. For this work, a current starved delay cell is used as it is area efficient

when compared with the other two approaches. Also, the implementation is much simpler.

e el
u

Fig. 4.10 Schematic diagram of a current starved delay cell with dual control.

The circuit shown in Fig. 4.10 is the implemented dual control delay cell. Transistors
M; and M, form an inverter. The MOSFETSs Ms,, M3y, My, and My, act as current source
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and sink devices. The coarse and fine control voltages are applied to the source and sink
MOSFET:s to control the current of the inverter. This allows to control the delay of the
inverter by controlling the charging current of the capacitance at the output node OUT. As
can be seen from the Fig. 4.10, the source and sink transistors are split in order to be able to
control them with both the coarse and fine control signals. These control voltages will define
the charging and discharging current of the inverter. M3}, is made weaker than M3, to ensure
that delay changes slowly with the application of the fine control voltage. The same is done
with My, and My,.
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Fig. 4.11 (a) Post-layout simulation result showing the delay variation against a sweep of
coarse control voltage. The fine control voltage set at 800 mV; (b) delay variation against
sweep of fine control voltage. Coarse control voltage set at 1.2 V.

In Fig. 4.11, the delay variation of the delay cell against the control voltage sweep is
shown. Fig. 4.11a, the fine control voltage is set at 800 mV and the coarse control voltage
is swept. It can be seen that the delay varies from roughly about 30 ns to 4 ns. The delay
variation has a non-linear response. This is due to the fact that in the current starved inverter,
we are adjusting the delay by controlling the currents in the MOSFET which has a non-linear
relationship to the gate voltage. Beyond 2 V, the delay remains nearly constant. In Fig. 4.11b,
the coarse control is fixed at 1.2V and the fine control voltage is varied. The delay varies

only in a small range as desired.



4.3 Delay Locked Loop

89

l. I LS gatedrive
200 =y - — -HS gate drive
L A\ ‘
o\ 1
_ 150 —------ e b —
2 A ‘
g r \
< 100 —f~~~~~\—\ 777777777777777777777777
o N\
~ N
50 \’ ’\’*;’;’ ”””””
0 | ! | !
0.5 1.0 15 2.0 25
Coarse control voltage (V)
(@)

Delay (ns)

100

80

60

40

- ! : Risin’gedge(’jday
— "\~ -|- — -Falling edge delay[|
\| | |
- \\ : -
\
T N S S |
A\ |
\ 1
L \ ! i
\ |
R N\ N SRR EE L EE PR —
N
N
B i :\-____1_____:
| ! | ! | !
1.0 15 20 25
Fine control voltage (V)
(b)

Fig. 4.12 (a) Post-layout simulation result showing the delay variation of the complete delay
line against a sweep of coarse control voltage. The fine control voltage set at 800 mV; (b)
delay variation of delay line against sweep of fine control voltage. Coarse control voltage set

at1.2 V.

Fig. 4.12 shows the delay variation of the complete VCDL in terms of the coarse and
fine control voltage variations. It can be observed that the VCDL follows a similar trend and
shows a non-linear variation in the delay. In Fig. 4.13, a post-layout transient simulation
result of the VCDL is shown. A 20 MHz clock is used as the input. It can be observed that

each subsequent output tap has a delay of 5ns for a control voltage setting of 2V coarse

control and 800 mV fine control.
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Fig. 4.13 Transient simulation of the delay line with a 20 MHz clock input. The coarse
control voltage is set at 2 V and fine control voltage at 800 mV
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4.3.4 Dynamic phase detector

A phase detector (PD) is a crucial block of the DLL. The PD measures the phase difference
between two input clock signals and produces an output which is proportional to the phase
error. For an analog DLL, the two inputs of the PD are the reference clock (REF_CLK) and
the output from the last tap of the VCDL (DCLK). Fig. 4.14 illustrates two widely used PD
circuits. In 4.14(a), an XOR based PD is shown. For this PD, the output duty cycle is directly
proportional to the phase difference between input signals [69]. A main drawback of this
kind of PD is that it can not really detect which of the clocks is leading or lagging. The
average value of the output repeats after a phase difference of 180°. Additionally, the XOR
PD produces only one output which is not suitable for a charge pump based circuit where we
need two signals (UP and DN).

REFJ'

LDVQ »UP

R
REF |
Output
DCLK R
I——D Q »DN

DCLKT
(b)
Fig. 4.14 (a) An XOR phase detector, (b) a phase-frequency detector.

@)

A sequential circuit using flip-flops is shown in Fig. 4.14(b). This circuit is called the
phase-frequency detector (PFD). This circuit generates the UP and DN outputs which are
required to drive the charge pump. Also, since the circuit’s output depends also on the past
history, the PFD can detect the polarity of the phase difference between the two input clocks
(1.e, it can detect which input is leading or lagging). Another advantage of the PFD over
the XOR PD is that, the PFD is not dependent on the duty cycle of the input clocks as the
flip-flops are edge sensitive. A main disadvantage of the PFD circuit is that the speed of
operation is limited due to the reset time [67].

In Fig. 4.15, a dynamic PD circuit is shown. These circuits are widely used in high speed
PLL and DLL designs [82]. The required UP and DN signals are generated by the same
circuit structure except that the inputs are switched. As opposed to the PFD circuit, the
dynamic PD uses no flip-flops and has a simpler structure.The PD has fast operation due to

the use of dynamic logic circuit.
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DCLK —

Fig. 4.15 Schematic diagram of the dynamic phase detector circuit to generate the UP and
DN control signals for the charge pump.

— _
|
w JL |

. |

Fig. 4.16 Waveforms showing the operation of the PD.

To explain the working of the dynamic phase detector, let us initially assume that both
DCLK and REF_CLK are at logic 0. This turns off M; M; and M3 are turned on which
pulls the drain of M; to logic 1. Now My is on, Mg and M5 are off. If we make sure Mg is
stronger than Ms, the node UP is pulled to logic 1 and UP to logic 0. Now when REF_CLK
goes to 1, M5 turns on. Mg remains off since the drain of M| retains its precharged logic 1
value. This pulls down UP to logic 0 and UP to logic 1. Now when DCLK goes high, M is
turned on to pull the precharged gate to logic 0. This turns off My and turns on Mg driving
UP to logic 0. The same analysis can be performed on the circuit on the right to understand
the generation of the DN signal.

A post-layout transient simulation result of the dynamic PD working in the closed loop
DLL is shown in Fig. 4.17. It can be seen that when the DCLK lags the REF_CLK, the UP
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Fig. 4.17 Simulation result showing the operation of the dynamic phase detector.

signal is high and vice-versa. When both the clock signals are nearly aligned close to locked
state, both the UP and DN signals are high simultaneously for a very brief moment. This is

important to eliminate the dead-zone in the locked state.
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4.3.5 Charge pump

The phase detector compares the CLK_REF and DCLK and produces the corresponding UP
and DN signals depending on the phase error and polarity information. These UP and DN
signals are used to generate the control voltage by charging and discharging the loop filter
capacitor. The charge pump architectures are broadly classified as three: drain-switched,
source-switched and gate-switched charge pumps [83]. Each of these circuit topologies is
illustrated in Fig. 4.18.
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Fig. 4.18 (a) Drain-switched charge pump, (b) source-switched charge pump, (c) gate-
switched charge pump.

In the charge pump architectures shown, transistors M| and M, are current source and
sink respectively. In the drain-switched charge pump, the switches are connected at the
drains of the current source transistors. Switching these with the UP and DN pulses from
the PD allows to charge and discharge the loop filter capacitor. Two main issues with the
drain-switched topology are charge injection and clock feedthrough to the output node. This
affects the jitter performance of the DLL. This topology has the advantage of fast switching
as the DC bias conditions of the current source transistors are not affected and they are never
turned off. They always operate in linear region when the switches are turned off.

In the source-switched charge pump, the switches are connected to the source of the
current source transistors. The clock feed-through and charge injection problem is thus
eliminated. The gate-switched topology in Fig. 4.18(c) also eliminates this issue. In this case
the switches are used to turn on and off the gates of the current sources M| and Mj;. This

significantly affects the transient behavior since the current source will be completely turned
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off and the DC conditions need to be restored to operate them in saturation again. Hence a

source-switched charge pump architecture is used for the circuit design.
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Fig. 4.19 A conventional source-switched charge pump and its charge and discharge opera-
tion.

Assuming ideal behavior for the PD and the charge pump, the DLL can achieve zero
static phase error in the locked state. However, the non idealities in the charge pump
design introduces phase error and time jitter which has to be considered during the circuit
design [84], [85]. One main issue in the design of the charge pump is the current mismatch
between the charging and discharging phase. A conventional source-switched charge pump
circuit implementation and its current behavior is shown in Fig. 4.19. As the control voltage
at the output of the loop filter changes, drain-source voltages of the NMOS and PMOS M,

and M3 changes. This affects the current matching between the current mirrors Mg/M3 and
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M7/M,. This current mismatch in the charge pump introduces a phase error in the DLL
which is given by [86]:

Aty Al
Tre f Icp

(])error =2r (4.21)

where @error, Aton, Trer, Ai and I, are the phase error, on time (pulse width of the UP
and DN pulses), period of the reference clock, the current mismatch and the charge pump
current respectively. It can be seen from (4.21) that the phase error can be minimized by
reducing the At,, and Ai. The At,, can not be completely eliminated as it is important to
eliminate the dead-zone. So it is imperative to reduce the current mismatch in the charge
pump. Several approaches are presented in literature to improve the current matching. In [87]
a PFD and charge pump chopping approach was presented, [85] presented an auto-zeroing
technique to reduce the static offset, [88] reported a highly matched VCDL to improve the
phase offset. Using an opamp in the feedback loop also improves the current matching which
can be looked as an area and power efficient approach. Similar approaches were also reported
in [89] and [90]. With a high loop gain, the error amplifier ensures that the drain of M7/Mg
precisely follows the node voltage at the output V¢, oue. This helps to keep the drain-source
voltages of the respective current mirrors to be equal and hence the charging current and

discharging currents are kept equal. The implemented circuit topology is shown in Fig. 4.20.
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Fig. 4.20 Designed charge pump and loop filter.

The charge pump output node voltage varies over a wide range during the DLL operation.
Thus, it requires that the opamp should have a wide input common mode voltage range. A
rail to rail input OTA is required for this application. To estimate the specifications for the
rail to rail OTA and the loop, simulations have been carried out using a voltage controlled
voltage source (VCVS) as an ideal amplifier model. The estimated specifications are listed in
the table 4.1.

Table 4.1 Design specifications for the rail to rail amplifier and the charge pump loop

Parameter Value
ICMR 900mVto3V
DC gain >40dB

Loop bandwidth < 2.1 MHz
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Design of rail to rail input OTA

The input common mode voltage range (ICMR) of a differential input amplifier depends
on the type of input transistor used. When using NMOS transistors as the input pair, the
ICMR is calculated to be closer to the positive supply rail. The ICMR minimum value will
be usually much higher than the negative supply rail. When the ICMR range is closer to
the negative supply level, PMOS input pair is used. For applications which needs a wide
input range, we need a rail to rail input amplifier. A simple approach to achieve this is by
using a CMOS complementary input stage [91], [92]. This is shown in Fig. 4.21. A high
performance rail to rail input technique using on chip charge pump was reported in [93].
However such an approach is not required in this case.

Vinn

<

=
[t
S
S

Fig. 4.21 Complementary input stage for rail to rail input operation.

Using a complementary input state, the total transconductance of the the input pair can

be written as gmot. This can be written as:

Zgmtot = &mN + &mP (4.22)

During the low input voltages, the PMOS transistors will act and during the higher
input voltages, the NMOS differential pair will dominate. There is a intermediate voltage
range where both the NMOS and PMOS transistors will be on. In this range, the total
transconductance will be the sum of both the NMOS and PMOS transconductances. This is
graphically represented in the Fig. 4.22. It can be seen that the total transconductance varies
nealy by factor of two over the ICMR. It is desirable for good distortion performance and
proper frequency compensation that the overall transconductance of the diff-amp remains
constant throughout the ICMR [40]. Another drawback of the complementary input stage is
that the input offset voltage changes between that of the NMOS and PMOS. Changing the
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Fig. 4.22 Transconductance gmo of the complementary input stage versus the common-mode
input voltage.

bias conditions result in an offset that is a function of the input common mode voltage. In

the weak-inversion region of MOSFETs, the drain current /p can be written as:
Ip = Ipg - e(Ves—Vru)/nVr (4.23)

From this the g, can be written as:

Ip
= 4.24
8m vy ( )
For constant g, in the complementary input pair, we need to make
&mn + &mp = constant (4.25)

Since, in the weak inversion region of operation, the gn, is proportional to the drain
current Ip, we can achieve overall transconductance constant if we keep the sum of the
currents constant.

Iy + I, = constant (4.26)

If we keep I, = I,, = Iy, the total current when both the pairs are on is given by I,, +1, = 2.
So all we need to do is to add an extra Iy to each NMOS and PMOS input pairs when the other
pair is off. The designed rail to rail input OTA with constant gy, is illustrated in Fig. 4.23.
A folded cascode summing stage is used. The input pair transistors M-M4 are biased in
weak-inversion with a bias current of 1 uA. MP; and MN, source constant current /o when
both the N and P diff pairs are on. MS; and MS, are like P channel switches that cut off the
DC bias current path. MS3; and MS, have the same function. The N- and P-channel current
differential amplifiers which helps to drive the extra Iy when only one of the complementary

input pairs are on.
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Post-layout simulations are done to verify the performance of the rail to rail input OTA.
The frequency response of the amplifier is shown in Fig. 4.24. It is noted that the amplifier
exhibit a dc gain of 56.4 dB and a gain bandwidth (GBW) of 2.59 MHz. The phase margin is
estimated to be 85.9 °.
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Fig. 4.24 Post-layout simulation showing the frequency response of the rail to rail input OTA.

The amplifier performance is verified across process, temperature and common mode
range voltage corners as well and the worst corners are identified. This is shown in Fig. 4.25.
It can be seen that across all the corners, the gain is always higher than the desired minimum
value of 40dB and the amplifier phase margin is always above 80°. The GBW varies
between 2 MHz and 3.56 MHz. The bandwidth variation is due to the slight variation of
the gmot» Which in our case is acceptable. The variation of the gmot (gmn+gmp) against the

input common mode voltage variation is illustrated in Fig. 4.26. It can be observed that the
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Zmtot 18 not a flat line as it would be in an ideal case. The maximum variation of the g 18
calculated to be 6%.

 TTTIm T T T 1T T Ty T 1T T TTTmp T 1T T TTTTH
00 ————as —
%g 600 |—---t----doooo e NN ob oo oo —
E - -
1200 -t R —
Nominal
1800 I— T=-40°C, 3.3V,RwpM:wz| ' '
—T=125°C,0V, Rws,M:wo
14 e 10 S 1 e 118 S 01 e IIIIIII| | IIIIIII| L
1 100 10k M 100M
@

T |||||||| T |||||||| T |||||||| T |||||||| T |||||||| T |||||||| T |||||||| TTTIT
~ 63.0 —
ia)

Z
= i
‘B
o 42.0 —
o
o
L= i
o
8- 21.0 —
0.0 —
| IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| L | ING L
1 100 10k M 100M
Frequency (Hz)
(b)

Fig. 4.25 Frequency response of the rail to rail amplifier showing the results at the nominal
corner and the worst identified corner.

To estimate the variation of the dc open loop gain with the change in input common
mode voltage, a parametric analysis has been done. The result is shown in Fig. 4.27. It can
be seen that across the common mode voltage variation, the dc gain changes from 53 dB to
58.5dB. It is observed that the gain variation is mainly happening due to the variation in the
output impedance of the OTA. This is due to the fact that the simulation is done in open-loop
where the common mode voltage of the output is set by the diode-connected MOSFET (see
Fig. 4.23). It is expected that we won’t see such variation, when the OTA is used in the real

feedback loop in the charge pump.
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Fig. 4.26 Post-layout simulation showing the variation of gmo versus the input common
mode voltage.

To verify the performance of the charge pump, a dc sweep is done where the output dc
voltage of the loop filter is varied from 0 to 3.3 V and the charging and discharging current are
plotted. The result is shown in Fig. 4.29. It can be observed that there is a perfect matching

of the charge pump currents. The circuit layout occupies an area of 275 umx210 pm and is
shown in Fig. 4.28.
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Fig. 4.27 Post-layout simulation showing the variation of DC open-loop gain versus the input
common mode voltage.
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Fig. 4.28 Layout of the charge pump and loop filter with rail to rail OTA and biasing circuits.
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Fig. 4.29 Post-layout dc simulation showing the variation of the charging and discharging
currents of the charge pump versus the control voltage variation at the loop filter output.
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Fig. 4.30 Layout of the complete multi-phase clock generator DLL.
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DLL simulation results

The simulation results of the DLL for an input reference clock frequency of 20 MHz are
presented below. Fig. 4.31 shows the transient response of the reference clock and the
feedback clock (clock out 10 from the VCDL tap). It can be seen in Fig. 4.31a that the two
clock signals are misaligned by certain phase difference after the DLL start up. In Fig. 4.31b,
the same clocks can be seen to be fully aligned once the DLL achieves the locked state. The
DLL achieves locking after 10.5 ps.
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Fig. 4.31 Post-layout simulation results showing the transient response of the reference clock
and delayed clock; (a) transient simulation showing the misaligned reference clock and the
feedback clock (output from tap 10) after start up; (b) fully aligned clocks after DLL achieved
locked state.

Fig. 4.32 shows the coarse and fine control voltages of the DLL. We can observe that the
coarse control voltage achieves a very fast settling as it is generated by the replica delay line
which only has a single delay cell. Once the DLL achieves coarse control, the fine control
loop takes over and adjusts the delay of the VCDL until the DLL reaches a fully locked state.
The simulated DLL locking time is roughly 10.5 us which is about 210 clock cycles. The
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performance parameter of the DLL is listed in the table 4.2. The rms value of the edge to
edge jitter is estimated using a periodic steady state (PSS) and pnoise simulation in Cadence.

The accuracy of the result is verified using a transient simulation.

15 5 3 | 5 =

10 H 3 | 3 3 ~

Coarse control (V)
I
|

05 - % | | % N
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Fig. 4.32 Transient simulation showing the coarse and fine control voltages of the DLL.

To check the transient stability of the DLL, a small frequency step is applied on the
reference clock after the initial settling and the DLL response is noted. It is observed that
the DLL goes out of lock for a few clock cylces and then gets back to locked operation
successfully. Both the control voltages show a slight jump and then settle down. This can
be observed from the simulation results shown in Fig. 4.33. A 100 kHz frequency change is
applied at 18 us and at 21 ps it is changed back to the initial value of 20 MHz.
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Fig. 4.33 Post-layout transient simulation showing the control voltage response for a fre-
quency jump in the reference clock.

Table 4.2 Performance parameters of the DLL

Parameter Value
Reference frequency 20 MHz
Locking time 10.5 ps (210 cycles)
Loop bandwidth 300kHz
Static phase error 80 ps
Lock range 20 MHz to 48 MHz
Jitter (rms) 10 ps
Area 0.29 mm?
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Fig. 4.34 Eye diagram of the DLL.
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4.3.6 Transmit beamforming output simulation results

Mixed signal simulations are carried out to verify the performance of the transmit beamform-
ing circuit. In Fig. 4.35, a transient simulation result showing the output of the HV driver
channels are shown. As previously discussed, the beamforming circuit produces HV output
pulses with a pre-programmed delay. The total delay is achieved by combining the coarse
timing output from the 10 bit counter and the fine timing clock output generated by the DLL.

Total delay = Coarse delay + Fine delay (4.27)

From the block diagram of the complete beamformer presented in Fig. 4.3, the 10 bit
counter operates at the reference clock. In our case the reference clock used is 20 MHz. This
gives us a delay range upto 51.1 pus. With the same clock frequency, the DLL produces a
fine delay of 5 ns. Hence the smallest achievable time resolution is 5 ns. The coarse and fine
delay values can be programmed on the transceiver chip using the SPI interface.

From Fig. 4.35, the fine delay programmability of the circuit is demonstrated. Each
channel is set up with the same coarse delay of 200 ns and each channel has a fine delay
separation of 5ns added from the previous channel. The beamforming circuit has been
implemented on a new vesion of the transceiver chip where a new HV driver circuit which
switches from OV to 34 V. An input reference clock of 20 MHz is applied to the DLL. The
internal clock divider block, divides down this clock to the desired 2 MHz output which
demonstrates the frequency division capability of the design. The pulse count can also
be programmed upto 127 pulses. For this simulation, the number of pulses have been set
to 7. A zoomed in version of the waveforms are shown in the Fig. 4.35 to show the fine
delay separation. It can be seen that each channel has its edges precisely separated from the
previous channel by 5 ns.

In Fig. 4.36, the HV output pulses are shown with a coarse timing delays applied. The
external trigger is applied to the chip at 28.5 us. Each of the HV channels are programmed
for a coarse delay of 2 us between each other. This value is chosen for ease of representation
graphically. A larger delay can also be programmed. To demonstrate the triggering operation
of the beamforming block, the transient simulation shown in Fig. 4.37 can be used. An
external trigger signal is applied at 28.5 us. The trigger detector block will output a high
when the external trigger signal is high for at least 3 clock cycles. This enables the pulse
counter block and active low receive enable (RX_EN_N) is pulled high. Once the pulse
counting is done, the EN_Pulse_Count signal is pulled low. The trigger detect signal stays
high until the 10 bit counter is full and then it resets and awaits for the next external trigger
signal. The trigger detect blocks works with the reference clock which in this case is 20 MHz.
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Fig. 4.35 Transient simulation showing the output of the HV driver after applying the delays.
Each HV driver channel is separated by the DLL delay of 5 ns.
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Chapter 5

Conclusion

5.1 Summary

Micromachined ultrasonic transducers, especially capacitive micromachined ultrasonic trans-
ducers present a promising solution for highly integrated, low-power and portable ultrasonic
sensor solutions. The opportunities presented by CMUTSs towards the miniaturization goal
were discussed in the first two chapters. Design of a low power, area efficient interface ASIC
with HV driving and low power signal conditioning capability presents a unique challenge.
Monolithic or hybrid integration of the CMUT-ASIC systems opens up a number of op-
portunities such as short-range high-resolution proximity sensing in robotics, miniaturized
hand held imaging probes, ultra-thin catheters for intra-vascular imaging and intra-cardiac
echography.

This work was aimed at the development of a highly integrated ASIC for a CMUT array
with the initial goal of high resolution proximity sensing in robotic grippers. Hence, an
air-based CMUT-ASIC system was envisioned. The ASIC design process addressed a key
challenge in the CMUT-ASIC interface system, that is to eliminate the external HV biasing
for the CMUTSs. The HV biasing is required for the CMUTs to operate the devices close
to the pull-in voltage for maximum electro-acoustic transduction efficiency. This is true
both in the transmit and receive mode. A novel pulser circuit architecture was developed in
this work which addresses this issue. The system level architecture of the novel interfacing
structure was presented in Chapter 2 and this was compared with the existing architecture to
elucidate the advantages. A two-level pulsing scheme, that switches between two HV levels
was designed. This is equivalent to dc biasing and ac HV super-imposing. Both the CMUT
terminals were used for operation. The CMUT is driven on one terminal and the echo is
received from the second terminal. Switches formed using low voltage MOSFETSs connect
the top electrode of the CMUT to ground during the transmit phase and during the receive
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phase, it is connected to the input of a transimpedance amplifier. Pulse-echo measurement
was carried out using a single CMUT sample in air. The ProTaktilUS_AO chip version was
used for the measurement. Using the ProTaktilUS_BO chip, another pulse-echo measurement
with CMUT immersed in fluid was performed. The system level measurement results were
also presented. The results demonstrated the capability of the ASIC for successful CMUT
integration. The proposed transceiver architecture was also successfully verified in the
measurement.

In the receive mode, the CMUT is required to be biased close to their pull-in voltage
to maximize the receive sensitivity of the CMUT. This is achieved by pulling the output
of the HV pulser to the higher of the two HV levels. Further, using both the CMUT ports
enabled the elimination of the HV isolation switch from the receive path. An improved
noise performance was measured. Circuit blocks required to enable the ASIC for this kind
of operation was investigated and implemented. Three ASIC versions with incremental
performance addition were designed. Two versions of the ASIC were evaluated till date and
the third ASIC version is expected to be tested soon.

Chapter 3 also presented all the key circuit blocks which were designed. The chip
performances were evaluated using measurement setup in the lab and results presented
and compared with prior art. The two-level HV pulser circuit was designed using an
ultra low power level shifter circuit which consumes power from the HV rails only during
switching. The design of a novel HV linear regulator was also presented. Two regulators were
integrated on the chip. The receive path of the transceiver chip consists of a resistive feedback
transimpedance amplifier. The amplifier performance was verified by measurements. The
gain programmability of the TIA circuit was also demonstrated. An improved receiver circuit
design with a low power TIA and a super source follower buffer was designed and verified
with simulations. The design was placed on the third version of the transceiver chip.

The concept for a transmit beamforming circuitry was presented in Chapter 4. Existing
beamforming circuit architectures were discussed and a new concept combining a wide
range analog DLL and digital circuits to perform phased array actuation was presented. A
key circuit block which is the DLL was presented in detail and performance was verified
thoroughly using post-layout simulations. The beamforming circuit was also submitted in
the ProTaktilUS_CO version. The aim is to expand the capabilities of the transceiver ASIC

for future applications and projects.
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5.2 Enhancement to state of the art

Some future works that can be considered to improve the performance and capability of the
CMUT transceiver ASIC includes the following:

* The required internal HV biasing was provided on our chips using linear regulators
with a fixed output voltage. A design of another architecture could be investigated
with an adjustable voltage range that would enable easy integration of CMUTs with a

different operating voltage range.

* The current ASIC versions integrated 8 TX and 8 RX channels. The possibility of
multiplexing could be looked into to reduce the pin count of the chip. This will be
an absolute necessity when the chip is required to scale up for a larger number of

channels.

* The existing ASIC needs three external power supplies (2 HV and 1 LV). The feasibility
of on chip HV generation could be explored to generate all the required voltages on

the ASIC. This could further reduce the external connections to the chip.

* The use of HV power supplies on the chip produces large power losses during operation.
A study involving the long term reliability of the chip due to heating effects could
provide more insights into the long-term reliability of the ASIC.
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Appendix A

Verilog codes

Verilog codes

The verilog codes for the various digital blocks used in the transmit beamforming circuitry
are listed below:

Coarse timer module

//Verilog HDL for "Digital_blocks_beamforming", "Coarse_Timer_v21" "functional"
module Coarse_Timer_v21 (i_clk, i_trigger_ext, i_reset_n, o_coarse_time, o_trigger_ok );

/linput ports

input i_clk;
input i_trigger_ext;
input i_reset_n;

//output ports

output [9:0] o_coarse_time;

output o_trigger_ok;

/loutput ports data types
reg [9:0] o_coarse_time;
reg o_trigger_ok;
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/finternal variables
reg [4:0] counter_trigger;
reg count_full;

always @ (posedge 1_clk or negedge i_reset_n)
begin

if(i_reset_n == 1°b0)

begin

0_coarse_time <= 10’d0;

counter_trigger <= 4’d0;

o_trigger_ok <= 1’b0;

count_full <= 1’b0;

end // if (i_reset_n == 0)

else

begin

counter_trigger <= counter_trigger[2:0], i_trigger_ext;

if(counter_trigger[4:0] == 5’b01111) // test for bit 4 == 0, so set o_trigger_ok only at begin-
ning of pulse

begin o_trigger_ok <= 1°b1; // when the external trigger input is high for

/lcounter_trigger <= 4°d0;// more than 3 clock cycles, give the trigger_ok flag.

end if(o_trigger_ok==1"b1l and o_coarse_time != 10’b1111111111) // check if the trigger ok
flag is high

begin //and the coarse timer value is not 10b’11 1111 1111
0_coarse_time <= o_coarse_time + 10°d1;// run the 10 bit counter
count_full <= 1’b0;

end

else if(o_coarse_time == 10’b1111111111)

begin

o_coarse_time <= 10’d0;// if the 10 bit counter is full, reset the counter,
count_full <= 1°b1; //give a count_full flag

o_trigger_ok <= 1’b0;

end
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else if (count_full == 1°bl)
begin
count_full <= 1’b0;

end

end // else: !if(i_reset_n == 0)
end // always@ (posedge i_clk or negedge i_reset_n)
endmodule

Fine timer module

//Verilog HDL for "Digital_blocks_beamforming", "fine_timer" "functional"

module fine_timer_v2 ( i_count_in, i_reset_n, i_coarse_time_reg, i_frequency_divider,
i_pulse_count_reg, i_dll_clk_ph, i_sel_dll_ph, i_trigger_ok, o_clk_out, o_rx_en_n );
/linput ports

input [9:0] i_count_in; //count from the 10 bit coarse counter timer.

input i_reset_n;

input [9:0] i_coarse_time_reg; //register to store 10 bit coarse time values to compare
input [7:0] i_frequency_divider; /6 bit frequency divider reg. Tie [7:6]=2"b11;

input [7:0] i_pulse_count_reg; //8 bit pulse counter reg value. Divided clock is the input.
input [9:0] i_dll_clk_ph; //10 DLL clk phases. clk9 is phase0.

input [3:0] i_sel_dll_ph; //4 bit i/p for mux> DLL phase selector.

input i_trigger_ok; //trigger ok signal from coarse counter.

//output ports output o_clk_out;

output o_rx_en_n; //rx path enable control signal

/loutput port declaration.
wire o_clk_out;

wire o_rx_en_n;

/Iport wires
wire flag_pulse_counter; //flag from the pulse counter block when count is reached

wire en_pulse_counter; /connect comparator out to enabling pulse_counter
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wire divided_clk; //connect output of pulse counter to phase shifter
wire mux_clk_out; /connect mux output to phase shifter

wire rx_en_n;

/Iconnect coarse comparator module

Comparator_Coarse_Time_v1 comparator( .i_clk(i_dll_clk_ph[9]), .i_count_in(i_count_in),
._reset_n(i_reset_n), .i_coarse_time_reg(i_coarse_time_reg), .i_pulse_counter_flag(flag_pulse_counter),
.0_count_ok(en_pulse_counter) );

/lconnect clk_divider_pulse counter module

clk_divider_pulse_counter clk_divider_pulse_counterl( .i_reset_n(i_reset_n), .i_clk(i_dll_clk_ph[9]),
.i_frequency_divider(i_frequency_divider), .i_enable(en_pulse_counter), .i_pulse_count_reg(i_pulse_count_reg
.o_clk_out(divided_clk), .o_count_done(flag_pulse_counter) );

//connect_clk_mux module
clk_mux_10tol clk_mux( .i_clk(i_dll_clk_ph), .i_sel_ph(i_sel_dll_ph), .i_reset_n(i_reset_n),
.0_clk_out(mux_clk_out) );

/lconnect phase shifter module
phase_shifter phase_shifter1 ( .i_clk(mux_clk_out), .i_in(divided_clk), .i_reset_n(i_reset_n),
.0_out(o_clk_out) );

//connect rx_enable module

rx_enable rx_ena( .i_clk(mux_clk_out), .i_reset_n(i_reset_n), .i_trigger_ok(i_trigger_ok),
.i_count_done(flag_pulse_counter), .o_rx_en_n(rx_en_n) );

/Iphase shift the rx enable out

phase_shifter phase_shifter2( .i_clk(mux_clk_out), .i_in(rx_en_n), .i_reset_n(i_reset_n),
.0_out(o_rx_en_n) );

endmodule

Clock divider and pulse counter module

/IVerilog HDL for "Digital_blocks_beamforming", "clk_divider_pulse_counter"

module clk_divider_pulse_counter (i_reset_n, i_clk, i_frequency_divider, i_enable, i_pulse_count_reg,
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o_clk_out, o_count_done );

//input port

input i_clk;

input i_reset_n;

input [7:0] i_frequency_divider;
input i_enable;

input [7:0] i_pulse_count_reg;

//output port
output o_clk_out;

output o_count_done;

//output port declaration
reg o_clk_out;

wire o_count_done;

/Iport wires
wire int_divided_clk_2x;
wire clk_data;

wire int_en_clk_out;

//connect clk divider module
Clock_Divider_v1 clock_divider ( .i_reset_n(i_reset_n), .i_clk(i_clk), .i_divider(i_frequency_divider),
.o_clk_data(clk_data), .o_gclk_out(int_divided_clk_2x) );

/[connect pulse counter module

Pulse_Counter_v?2 pulse_counter ( .i_clk(int_divided_clk_2x), .i_clk_data(clk_data), .i_reset_n(i_reset_n),
.i_enable(i_enable), .i_pulse_count_reg(i_pulse_count_reg), .0o_count_done(o_count_done),
.0_en_clk_out(int_en_clk_out) );

always @(posedge int_divided_clk_2x or negedge i_reset_n) begin
if (i_reset_n == 1°b0)

begin

o_clk_out <= 1’b0;

end
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else

begin

if (int_en_clk_out Il clk_data) o_clk_out <= !clk_data;
end

end // always @ (posedge clk_int or negedge i_reset_n)

endmodule

Clock gate module

/IVerilog HDL for "Digital_blocks_beamforming", "clk_gate_gtech" "structural"
module clk_gate_gtech ( ck_in, enable, ck_out );

input enable;

output ck_out;

input ck_in;

LGCP_5VX1 iIlCG ( .E(enable), .CLK(ck_in), .GCLK(ck_out) );

endmodule

Clock divider module

//Verilog HDL for "Digital_blocks_beamforming", "Clock_Divider_v1" "functional”
module Clock_Divider_v1 (i_reset_n, i_clk, i_divider, o_clk_data, o_gclk_out );

parameter WIDTH = 8; // Number of bits needed to count up to N
parameter N = 64; / Clock divisor / 2(max. 2WIPTH)

/linput ports

input i_reset_n;

input i_clk;

input [WIDTH-1:0] i_divider;

/loutput ports
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output o_clk_data;
output o_gclk_out;

/loutput data type declarations
reg o_clk_data;

//internal variables
reg [WIDTH-1:0] last_count;
wire [WIDTH-1:0] count;

reg reg_clkpulse;

always @ (posedge i_clk or negedge i_reset_n)
begin

if (i_reset_n == 1’b0)

begin

last_count <= WIDTH1’b0;

o_clk_data <= 1’b0;

reg_clkpulse <= 1"b0;

end

else

begin

if (last_count >= i_divider) // (count == N - i_divider)
begin

last_count <= WIDTH1’bO;

o_clk _data <= lo_clk_data;

reg_clkpulse <= 1"bl;

end

else

begin

last_count <= count;
reg_clkpulse <= 1’b0;

end
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end // else: !if(i_reset_n == 0)

end // always@ (posedge i_clk or negedge i_reset_n)

assign count = last_count + WIDTH-11"b0, 1°bl;

clk_gate_gtech clk_gate_inst ( .ck_in(i_clk), .enable(reg_clkpulse), .ck_out(o_gclk_out)
)

endmodule

Coarse time comparator module

/[Verilog HDL for "Digital_blocks_beamforming", "Comparator_Coarse_Time_v1""functional"

module Comparator_Coarse_Time_v1 ( i_clk, i_count_in, i_reset_n, i_coarse_time_reg,
i_pulse_counter_flag, // this is the output of the pulse counter block which goes high when

the pulse counting is done o_count_ok );

//input ports

input i_clk;

input [9:0] i_count_in; // count input coming from the 10 bit coarse counter
input i_reset_n;

input [9:0] i_coarse_time_reg; // coarse time value stored in the 10 bit register

input i_pulse_counter_flag;

/loutput ports

output o_count_ok;

/loutput port data type declarations
reg o_count_ok;

reg [9:0] coarse_time_reg;

always @ (posedge i_clk or negedge i_reset_n)
begin

if(i_reset_n == 1°b0)

begin

o_count_ok <= 1'b0;
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coarse_time_reg <= 10°d0;

end

else

begin

if(i_count_in == coarse_time_reg)
begin

o_count_ok <= 1’bl;

end

else if(i_pulse_counter_flag == 1’bl)
begin

o_count_ok <= 1’b0;

end

coarse_time_reg <=1i_coarse_time_reg;

end // else: !if(i_reset_n == 0)

end // always@ (posedge i_clk or negedge i_reset_n)

endmodule

3 to 10 decoder module

//Verilog HDL for "Digital_blocks_beamforming", "Decoder_3to10" "functional"

module Decoder_3to10 (i_clk, i_reset_n, i_decoder_in, o_decoder_out );

//input ports
input i_clk;
input i_reset_n;

input [3:0] i_decoder_in;

//output ports
output [9:0] o_decoder_out;

/loutput port declaration

wire [9:0] o_decoder_out;
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//internal variables
reg sig_int0_del;

reg [9:0] sig_int;

reg [3:0] decoder_in;

assign o_decoder_out = sig_int[9:1], sig_int0_del;

always @ (posedge i_clk or negedge i_reset_n)
begin

if(i_reset_n == 1°b0)

begin

sig_int[9:0] <= 10°b0000000000;

decoder_in <=4’b1111;

end

else

begin

if ($unsigned(decoder_in) < 4°d10)

begin

if (sig_int == 10’h000)

begin

sig_int[$unsigned(decoder_in)] <= 1°bl;

end

else if (I(sig_int & (10°d1 « $unsigned(decoder_in))) != 1’b0)
begin

sig_int <= 10’h000;

end

end // if ($unsigned(decoder_in) < 4°d10)

else

begin

sig_int <= 10’h000;

end // else: !if(Sunsigned(decoder_in) < 4°d10)
decoder_in <=i_decoder_in;

end // else: !if(i_reset_n == 1’b0)

end // always@ (posedge i_clk or negedge i_reset_n)
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/l delay sig_int[0] by half a clock to ease timing (added EB 2021-06-25)
always@(negedge i_clk or negedge i_reset_n)
begin

if(i_reset_n == 1°b0)

begin

sig_int0_del <= 1"b0;

end

else

begin

sig_int0_del <= sig_int[0];

end // else: !if(i_reset_n == 1’b0)

end // always@ (negedge i_clk or negedge i_reset_n)

endmodule

Phase shifter module

n n

//Verilog HDL for "Digital_blocks_beamforming", "phase_shifter" "functional”

module phase_shifter (i_clk, i_in, i_reset_n, o_out );

/[input ports
input i_clk;
input i_in;

input i_reset_n;

/loutput ports

output o_out;

/loutput port declaration

reg o_out;

always @ (posedge i_clk or negedge i_reset_n)
begin

if(i_reset_n == 0)

begin

o_out <=0;



138 Verilog codes

end

else

begin

o_out <=1_in;
end

end

endmodule

RX enable module

/[Verilog HDL for "Digital_blocks_beamforming", "rx_enable" "functional”

module rx_enable (i_clk, i_reset_n, i_trigger_ok, i_count_done, o_rx_en_n );

/linput port

input i_clk;

input i_reset_n;
input i_trigger_ok;

input i_count_done;

/loutput port

output o_rx_en_n;

/loutput port declaration

reg o_rx_en_n;

//internal

reg flagl;

always @ (posedge i_clk or negedge i_reset_n)

begin

if(i_reset_n == 1°b0)

begin

o_rx_en_n <= 1’b0; //keep the rx path enabled by default
flagl <=0;
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end

else

begin

if(i_count_done == 1’b1)
begin

o_rx_en_n <= 1’b0; //enable the rx path when counting is done

end

else if(i_trigger_ok == 1’bl && flagl !=1)

begin

o_rx_en_n <= 1’bl; //disable the rx path once the trigger is detected
end

else

begin

o_rx_en_n <= 1’b0; //enable rx path

end

if(i_trigger_ok ==1 && i_count_done ==1)
begin

flagl <=1;

end

else if(i_trigger_ok ==0)

begin

flagl <=0;

end

end

end

endmodule
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