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ABSTRACT

This work presents a low-noise amplifier (LNA) for ultrasound imaging with
built-in continuous time-gain compensation (TGC), which compensates for
the time-dependent attenuation of the received echo signal and thus signifi-
cantly reduces its dynamic range (DR).

The proposed design combines the LNA and TGC functions in a single
variable-gain current-to-current amplifier. Compared to conventional ultra-
sound front-ends, which implement the TGC function after an LNA that
needs to handle the full DR of the echo signal, this approach can highly re-

duce the power consumption and the size. Compared to earlier programmable-

gain LNAs with discrete gain steps, the continuous gain control avoids
switching transients that may lead to imaging artefacts.

The TGC function is realized by a novel feedback network consisting of
a double differential pair that feeds a fraction of the output current back to
the input. This fraction can be changed continuously using a control voltage
that is applied to the gates of the differential pairs, to realize a gain range
from —20 dB to +20 dB.

To achieve an approximately constant closed-loop bandwidth in the pres-
ence of the changing feedback factor, a loop amplifier has been implemented
whose gain is changed along with the feedback factor by dynamically chang-
ing its bias currents. This loop amplifier employs a current-reuse architec-
ture to achieve high power-efficiency. In addition, a variable bias current
source has been designed to appropriately bias the TGC feedback network.
By employing a similar double differential pair topology as in the feedback
network, this current source provides the required low noise at the highest
gain setting and high current at the lowest gain setting within the available
headroom.

The LNA with built-in TGC function has been realized in 180nm CMOS
technology. It has been optimized to interface with a 7.5 MHz capacitive
micromachined ultrasonic transducer (CMUT). Simulation results show that
it achieves a 3dB bandwidth higher than 40 MHz across the full gain range.
At the highest gain setting, its input current noise is 0.96 pA/+/Hz at 7.5
MHz. This leads to an input dynamic range of 93 dB, which is compressed
into an output dynamic range of 53 dB by means of the 40 dB variable gain.
The amplifier consumes 10.8 mW from a 1.8V supply, and occupies an esti-
mated 320 x 320 um? die area.

Keywords: Ultrasound application-specific integrated circuit (ASIC), low-
noise amplifier, time-gain compensation, current-steering differential pair,
variable bias current source.
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INTRODUCTION

In the past, due to the expensive price and complicated process of diagnosis,
cardiovascular diseases became the most common causes of death for poor
people [1]. Nowadays, ultrasound imaging is a safe and cost-effective means
of diagnosing cardiovascular diseases. In traditional ultrasonic imaging sys-
tems, the ultrasound probe is connected to a big machine via a cable [2].

In recent years, portable and miniaturized ultrasound scanners have emerged
due to their potential of solving some of the limitations of static scanners.
These devices are handheld sized or even smaller, and they have a much
lower cost per unit, which enhances both the transportability and accessi-
bility of ultrasound scanning. Such devices require ASICs to interface with
the ultrasound transducer while minimizing the area and power consump-
tion. [3]

A critical part of such ultrasound ASICs is the receive front-end, which
processes the echo signals received by the transducer. This typically consist
of an LNA followed by a TGC amplifier. This thesis focus on an LNA design
that incorporates the TGC function to arrive at a more compact and power
efficient solution.

1.1 BACKGROUND

An example application area in which the work described in this thesis may
be applied is catheter-based ultrasound imaging during minimally-invasive
interventions.

A variety of cardiovascular conditions can be treated using minimally-
invasive interventions. These interventions are much less stressful to the
patient than conventional surgery, shortening recovery time and allowing
treatment to take place even at an advanced age. Ultrasonic imaging is one
of the typical imaging methods used for minimally-invasive interventions.

In intracardiac echocardiography (ICE), a catheter containing a miniature
ultrasound transducer is directed into the heart, allowing the imaging of
cardiac structures from an intracardiac viewpoint. [4]

By using the ultrasonic imaging system, an ICE probe as shown in fig-
ure 1.1 can help in visualizing the left atrium and pulmonary veins during
ablation treatment of atrial fibrillation. [5]

Figure 1.2 shows a block diagram of a typical ultrasound imaging system.
The front-end electronics that interface with the transducer elements can be
divided into a receive (RX) circuit and transmit (TX) circuit. In ultrasonic
imaging, high-frequency acoustic waves are used to image tissue. These
high-frequency acoustic waves are emitted by a transducer, when high volt-
age pulses which are generated by the TX circuit, are imposed on the trans-
ducer. The transducer is made of piezo material. As shown in figure 1.3,
the transducer can be modelled as a resonator parallel with a capacitance.
The acoustical wave reflects on materials with different acoustic impedance.
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Figure 1.2: Diagram of an ultrasound imaging system

The reflection can be detected by the transducer as well, as a current signal
is generated by the reflected wave. This echo signal is received by the RX
circuit and is turned into an image at the end.

For minimally-invasive devices like an ICE probe, the front-end electron-
ics need to be intergrated on an in-probe ASIC, the size of which should
be small enough. Miniaturization is one of the main concerns to design the
chip. In addition, a smaller area of the chip means lower cost of fabrica-
tion. In addition, for the safety of the patient, the power consumption of the
probe cannot be high. Temperature rise associated with self-heating should
be kept within regulatory limits.

Rs f
Cs L

Cp
Ls

Figure 1.3: Equivalent circuit model of an ultrasound transducer
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1.2 INTRODUCTION OF TIME GAIN COMPENSATION

A TGC amplifier is a key building block of an ultrasound RX front-end as
shown in figure 1.2. It is a kind of variable gain amplifier (vGA). The gain
of this VGA changes as a function of time.

Signal feve! (dBV)

_______________ l

Instantaneo
dynamic range

overall dynamic range

0 Time (f)
(a)
Gain (dB) Signal level (dBV)
- Remaining
ideal compensation dynarmic range
" after ideal
compensation
0 Time () 0 Time (f)
(b) (c)

Figure 1.4: The echo signal amplitude before and after time-gain compensation [6]

The amplitude of the echo signal from the transducer is attenuated ex-
ponentially with the imaging depth. If the speed of acoustic waves can be
assumed as constant, the receiving time of echo signal is proportional to the
imaging depth as shown in figure 1.4a. Without compensation, the deeper
tissues will correspond to smaller echo signal and thus will appear lighter
in the ultrasound image because of different attenuation of the echo signal.
Apart from the attenuation of the echo signal, the amplitude of the echo
signal has a certain instantaneous dynamic range, i.e 40 dB. Therefore, the
whole dynamic range of echo signal is a sum of the dynamic range (40 dB in
this project) caused by the attenuation and the instantaneous dynamic range
which is caused by the variation of the signal itself. To process such a high
dynamic range without time gain compensation amplifier, a power hungry
RX circuit is needed, including a potentially-large high-resolution analog to
digital converter (ADC). In order to compensate for the attenuation of echo
signal and reduce the requirement of ADC, a TGC is added between trans-
ducer and ADC to handle a 40 dB dynamic range of echo signal as shown
in figure 1.4b, c.

For a TGC, the gain should change linearly in dB as a function of time as
shown in figure 1.4b. The gain of the TGC has to change continuously and
smoothly.

3
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Vout

Figure 1.5: A TGC with digitally-programmable resistive feedback [10]

1.3 PRIOR ART

A time gain compensation amplifier is a special kind of variable gain ampli-
fier. Conventional TGCs can usually be classified into three different kinds.
These kinds of TGCs will be introduced below.

1.3.1  TGCs with discrete gain steps

TGC with discrete gain steps can be seen as a kind of programmable gain
amplifiers. There are various ways in which programmable gain can be
implemented, including

e Digitally-programmable resistive feedback [7]
e Digitally-programmable capacitive feedback [8]
e Digitally-controlled current division [9]

As shown in figure 1.5, the TGC can be realized by using digitally-programmable
resistive feedback. The gain of the TGC is set by changing the effective val-
ues of the input resistance and the feedback resistance. [7]

In addition, the TGC can also be realized by using digitally-programmable
capacitive feedback as shown in figure 1.6. The gain of the TGC is deter-
mined by the ratio between input capacitance and feedback capacitance,
which can be changed by turning on or turning off the switches in different
branches. [11]

As shown in figure 1.7, instead of using a variable-resistance feedback,
the TGC can also be realized by fixed-resistance feedback with a current
division network (CDN). The gain of the TGC is determined by the ratio of
the resistances and the current ratio of the input branch and the feedback
branch. [12]

By changing the value of capacitance, resistance, or the g;, ratio in the
feedback network, the gain of TGCs can be changed in discrete steps. How-
ever, an important problem of this kind of TGCs is that they will bring
imaging artefacts when switching from one gain step to the next. To solve
this problem, a variable gain amplifier with a smooth gain control is needed.

1.3.2 TGCs that interpolate between discrete gain steps

To avoid gain-switching artefacts, a TGC that interpolates between discrete
gain steps is one kind of solution. The interpolation can be implemented
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by means of tuned feedback resistors as shown in figure 1.8. The effective
value of the feedback resistors is controlled by a continuous ramp control
signal. As a result, the effective feedback resistances change smoothly. [10]
However, the noise problem of resistive feedback is hard to be solved.

Instead of using a feedback loop, an open loop can be used to build the
TGC. The interpolation can also be implemented by means of multiple input
pairs, as shown in figure 1.9. The differential pairs in a;, ap, a3, a4 will be
active in different desired gain settings respectively. The gain of this circuit
is determined by the ratio between effective g, inpu: and effective gy, 1044- [12]

However, when multiple input stages are active simultaneously, the vary-
ing offset will cause ripple and non-linearity. For the other method, the
resistor ladder loads the source, which may affect the input impedance of
the input stage.

1.3.3 TGCs that use approximately-exponential variable-gain circuits

To achieve the exponential function, various ways of approximation have
been reported [13, 14]. One of the most typical approximations is using
equation 1.1 to realize exponential behavior [15].

2~ (14x)/(1—x). (1.1)

1.4 MOTIVATION

Because of the poor noise performance, it is not a good choice for a TGC to
be built with resistive feedback. In addition, to avoid the artefacts, a TGC
should not be realized with discrete gain steps.

Besides, a TGC with capacitive feedback will occupy a large area due to
the big capacitance. In order to reduce the area of the ASIC, the amplifier,
whose gain is directly determined by the current division without capacitive
feedback, will be designed in this project.

In the conventional circuits, due to the noise requirement, there is an
LNA between the transducer and the TGC, as shown in figure 1.2. It means
that the LNA still have to handle the full dynamic range of the echo signal,
which is typically very power hungry. To reduce the power consumption of
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Figure 1.10: Combination of the TGC and the LNA

<1—||:|

the RX circuit, a TGCLNA is necessary for ultrasound imaging, as shown in
figure 1.10.

Therefore, in this thesis project, a TGCLNA will be designed by using
approximately-exponential variable-gain circuits with the approximations
in equation 1.1.

1.5 DESIGN OBJECTIVE

In this project, the time-gain compensation low-noise amplifier (TGCLNA)
will be designed for a 64-channel 2D ICE probe. The ASIC will be designed
in TSMC’s 180 nm BCD-Gen2 technology. The target specifications of this
TGCLNA are shown in Table 1.1. The area and power consumption of the
ASIC will be minimized while achieving these design targets. The targeted
area is smaller than 300um x 300um.

Table 1.1: Target specifications

Signal frequency 7.5 MHz

Bandwidth >15 MHz

Gain range —20dB ~ +20 dB

Input signal amplitude 1 pApk—pk t0 100 pApr—pi

Input noise (the smallest signal case) 1pA/+vHz

The model of the CMUT, which is used for this work is shown in fig-
ure 1.11.

1.6 THESIS ORGANIZATION

This thesis presents the steps taken to design an LNA for ultrasound imag-
ing with continuous time-gain compensation. The thesis starts with the
concept ideas and discussions on possible circuit topologies converging to-
wards a good circuit implementation.

Chapter 2 discusses the architecture of the TGCLNA.

7
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Figure 1.11: Model of the CMUT

Chapter 3 discusses the circuit implementations to realize the architecture
onto an ASIC.

Chapter 4 shows the performance of the TGCLNA in simulation.

Chapter 5 concludes the thesis by discussing the performance of the final
circuit and presents some ideas for future work and improving the design.



ARCHITECTURE

2.1 BASIC THEORY

From equation 1.1, a rational function is used to approximate the expo-
nential function. This section will focus on the implementation of this
(14 x)/(1— x) function in the circuit.

2.1.1  Linearity of the differential pair

Because both 1+ x and 1 — x are linear functions, to design a circuit that
implements the desired rational function, the linearity of the differential
pair can be used.

First of all, a schematic of a differential pair is shown in figure 2.1. If
the tail current I of the differential pair is constant and the sizes of two
transistors are equal, the difference of the drain currents in two branches is
proportional to the difference of the gate voltages of the two transistors in
small-signal regime. This ideal linearized Direct-Current (DC) characteristic
of a differential pair is shown in figure 2.2. When the gate voltage V;,; of
transistor M, is equal to Vj,, of transistor My, half of tail current Iss flows
into the left branch. The rest of half I; flows into Mo.

Actually, the tail current splits into two branches according to the transcon-
ductance (g;;) ratio of these two transistors. If both transistors work in the
same saturation state, the g, of the transistor is proportional to the gate
voltage minus the threshold voltage (V) of the transistor. That is the rea-
son why the drain current of each branch is proportional to the difference
of gate voltages of two transistors as shown in figure 2.2. Therefore, from
the differential pair, good linearity is shown between the drain current and
the difference of gate voltages.

In fact, because of the different current densities of the two transistors,
when the drain current of one transistor is small, the transistor may fall into
the weak inversion region and finally cut-off, which will cause a mismatch
between two transistors. This mismatch will bring some non-linearity to

an1-| I—VTnZ

C N
/

Figure 2.1: A schematic of a differential pair
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Figure 2.2: Ideal DC current of the differential pair
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Figure 2.3: Simulated DC current of the differential pair

the differential pair. When the difference of the gate voltages is bigger, the
mismatch of two transistors is larger. Finally, the drain current behavior of
the differential pair looks like figure 2.3.

2.1.2 Realization of the (14 x)/(1 — x) function

After discussing the linearity of the differential pair, the use of the differen-
tial pair to obtain the (1 + x)/(1 — x) function will be explained. As a first
step, figure 2.4 shows how the 1 + x function can be implemented. The tail
current is the input and the drain current of M, is chosen as the output. I;;,
is the bias tail current. i;, is the small-signal input current injected from the
top. Iout is the bias drain current of M. iyy; is the small signal in the output.
If both of transistors M; and M, work in saturation mode, the drain cur-
rents of two transistors are determined by the g, ratio of M; and M,. Then,
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Figure 2.5: Implementation of the 1/(1 — x) function using a differential pair

when M; and M; have the same width and length, the transfer function of
the circuit can be expressed as [16]:

fout . 8&m2 #Cox(W/L)2 Ve  Ven
lin 8m1 + &m2 Plcox(W/L)lvgtl + ﬂCox(W/L)zvgtz Vgtl + Vera
AV
~ Vgto + %AVgt _ 1 + ZVZ;EO
Veto 2
(2.1)

In this equation, gmn, Wy and Vg, are the transconductance, the width
and the difference between the gate voltage (V,) and the threshold voltage

(Vi) of transistor My, respectively. Vg is the Vg when Vi is equal to V.

In this situation, the threshold voltage of two transistors can be seen as the
same.

If x = %r then the transfer function of the circuit in figure 2.4 can be
simplified as:
AV
2Ve0

Tout - 1+x

with  (x (2.2)

lin
As a second step, figure 2.5 shows how the 1/(1 — x) function can be
implemented. The drain current of transistor M; is the input and the tail

1
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Figure 2.6: Implementation of the (1+ x)/(1 — x) function using a differential pair

current is chosen as the output. If transistors M;, M; and Ms work in
saturation mode, the drain currents of two transistors are determined by
the g ratio of M; and M. Then, the transfer function of the circuit in
figure 2.5 can be derived by the equation as follows, where B is the current-
gain feedback factor from the output to the input:

fout _ A ~ L HCox(W/L)1 Ve + uCox(W/L)2 Ve
Lim 1+ A'B ﬁ #Cox(W/L)1Ven
8+ 8&m  Vent+Ven 2Ve10 ) (2.3)
T N

If x = ZAVV then the transfer function of the circuit in figure 2.5 can be
simplified as:
iout 2 AVgt

fout o 2 with (x =
Ty With 2o

(2.4)

After creating the circuits of 1 + x and 1/(1 — x) function respectively, a
circuit with (1+ x)/(1 — x) function can be designed by the combination
of these two circuits,as shown in figure 2.6. In this circuit, the drain of
transistor M; is seen as the input and the drain of M, is the output. The
Alternating-Current (AC) gain of this circuit is determined by the g, ratio of
these two transistors, when M;, My and M5 are in saturation region:

ioﬁulL ~ 8m2 _ Vet - Vern + Ver » Vet
iim  8&m  Ven Ven Vet + Ver

1 +3 AVqt (2.5)

1 AVgt
2VgtO

If x = ZAVV then the transfer function of the circuit in figure 2.6 can be
simplified as:

] 1 AV,
fout i with (x = 8t
lin 1—x 2Vgt0

(2.6)
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2.2 TIME-GAIN COMPENSATION CIRCUIT

2.2.1  Single differential pair

From the last section, the exponential approximation is realized by the dif-
ferential pair. In the approximation, the x is expressed as:

AV Ve Ve

- (2.7)

X =
2Veto0 2Ver0

Viio in equation 2.7 can be seen as constant. If the difference of the gate
voltages V. — V,_ changes linearly by time, then the gain of the circuit in
figure 2.6 is changed arpproximately exponentially as a function of time.
Thus, time-gain compensation can be implemented by using a single differ-
ential pair.

The noise of this circuit will now be analyzed, being noted that the bias
point of the transistors changes considerably as the gain is swept across the
desired 40 dB range.

In a single differential pair shown in figure 2.6, if most of the tail current
flows into M, the input referred noise can be derived by equation [16]:

) /2
in ~ §4kTgm,MlB (2.8)

The amplitude of input current changes from 1 yA peak to peak to 100
HA peak to peak. If the circuit uses 1 yA to 100 #A DC current to bias the
echo signal, the root mean square (rms) value of signal can be calculated as:

V2 V2

Isig,rms = Tlsig,pk—pk = Tld,Ml (2.9)

Meanwhile, the transconductance of the transistor M; can be defined as
follows, when M; is in saturation region [16]:

W
SmM1 = z.ucoxfld,Ml (2.10)

Therefore, assuming the noise of M; is the dominant noise source, the
signal to noise ratio (SNR) can be expressed as:

L QI Q[
SNR = 2018(%) - 201g(24¢) = 201g( 1 lamm )
54kTgmu v B \/§4kT ZVCox¥Id,MlB

(2.11)

From equation 2.11, the signal floor is proportional to the fourth power
of the noise floor. As shown in figure 2.7, the SNR is the worst, when the
amplitude of input signal current is the smallest. In order to reduce the
noise, a small g, is required. In the high gain setting case, the bias input
current is 1 pA. To reduce the g;; of the transistor, it means a small size and
short width transistor is needed.

13
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Figure 2.7: The signal amplitude and the noise floor
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Figure 2.8: The TGC with parallel differential pair

On the contrary, transistor M1 in figure 2.6 is facing the whole 40 dB
dynamic range of input current from 1 yA peak to peak to 100 yA peak to
peak. In order to ensure M; works in saturation mode in the whole process,
a large size and long width transistor is necessary. Otherwise, it will cause
a large headroom problem of the circuit. Therefore, there is a trade-off
between noise and headroom.

2.2.2 Parallel differential pair

As shown in figure 2.8, instead of keeping the width of differential pair tran-
sistors constant, a parallel differential pair is added to change the effective
width of the whole differential pair as well.

In this circuit, when the input echo signal is the smallest with 1 yA peak
to peak, the gate control voltage V.4 of transistors M, and M, is much
higher than the other gate control voltage V._ of transistors M; and Mj3. In
this case, the differential pair of M; and M3 is on and the other differential
pair of M, and My is off. All the tail current I;5 flows into M; and Mj3.
The gain of this state is determined by the g, ratio of M3 and M;, which
is equal to the width ratio of M3 and M;j, due to the gate voltage of these
two transistors are the same. The DC gain is 10. Meanwhile, from the input,
the transducer mainly sees the noise contributed from transistor M; with
small size, small current and also small g;,. Therefore, in this case, the noise
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contribution of TGC is the smallest case and the SNR is the best. The gain
of TGC is the highest with 20dB gain.

On the contrary, when the input echo signal is the largest with 100 yA
peak to peak, the gate control voltage V,1 is much lower than V._. In this
case, the differential pair of M, and My is on and the other differential pair
of M; and Mj3 is off. All the tail current I;5 flows into M, and M. At
that time, the current gain from input to output is defined by the width
ratio between M, and My, which is 0.1. Although the amplitude of the echo
signal is increased, the effective size of the parallel differential pairs is also
increased. The current density of the parallel differential pairs remains the
same. Therefore, there is no headroom problem even in low gain setting
case. In addition, the whole differential pair works in the same saturation
region, which can avoid the mismatch of the transistor. In this state, the
gain of TGC is the lowest with —20 dB gain.

In total, this circuit has 40 dB gain range. If the gate control voltage V.1
and V,_ are chosen properly, the gain of TGC can change exponentially as
a function of time.

In this topology, the effective widths of the parallel differential pair change
by the gate control voltage, instead of keeping the widths constant. Com-
pared with the circuit with a single differential pair, the current density of
the transistors remains the same in the whole gain range in this new circuit,
so the headroom of two branches also remains the same in the whole gain
range. If the headroom of this new topology in the highest gain setting case
is enough, the headroom is enough in the whole gain range. Meanwhile, the
highest gain setting case is the worst case for noise. Therefore, this topology
only requires to choose a proper size of M; to leave enough headroom and
have a good noise performance in the highest gain setting case, which is
much better than the former topology.

However, because the effective widths of the parallel differential pair are
also variable, if the second-order effect can be neglected, equation 2.5 can
be corrected as:

ioiut o Sm2 _ ,uCox(W/L)ZVth _ WZVgt2
lin 8m1 ,”Cox(W/L)lVgtl Wi Ven

_ WiVen + WoVienn " W2 Vet
WiVen WiVen + WaVen
- 2Wo Vit y WoVgio + 3 AWV (2.12)
WoVgio — 3 AWV 2WoVgro
1+ fv?!—vvﬁ,; T+x AWV
:1 AWy~ 11 with (x:m

T 2WoVeno

In this equation, W ; are the effective widths of two branches of the paral-
lel differential pair, which changes as a function of the gate control voltage.
Wy is equal to (W7 + W) /2. Compared with a single differential pair, x
is much more complicated and no longer a linear function of the gain con-
trol voltage. This, however, can be dealt with by generating an appropriate
non-linear time-varying control voltage, e.g. using a digital to analog con-
verter (DAC).

In summary, a TGC network with the parallel differential pair has a bet-
ter noise and headroom performance, but a more complicated gate control
voltage is needed.

15
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(a) (b)

Figure 2.9: The topologies of the loop amplifier

2.3 THE LOOP AMPLIFIER

The echo signal from the transducer is a current signal. To receive the echo
signal and transfer it to the TGC circuit, another feedback network is intro-
duced as shown in figure 2.9a. In this feedback network, a loop amplifier
with large ¢, and small input impedance can reduce the input referred
noise. In addition, a reference input voltage V. of the loop amplifier is
introduced as a virtual ground to bias the input echo signal, because the
inverting input assumes the same absolute potential as the non-inverting
input of reference within a linear op amp application.

However, in this circuit, transistor M) still sees the whole dynamic range
of the echo signal. Additionally, there is another similar feedback network
in the TGC circuit. The input feedback network and the TGC network can
be further merged. As shown in figure 2.9b, the input feedback network and
the TGC block share the same loop amplifier. Therefore, except transferring
the echo signal to the TGC circuit, this loop amplifier can also ensure the
parallel differential pair works in saturation mode and obtain a certain small
signal gain as TGC function.

M5
—\Vc-
J
\|_{ M2 M3
100 1 10 1

Lout

A 4

1ML
10

i Rload
m
Ibias, in elbias, out

Vb,out

!

Figure 2.10: The architecture of the loop amplifier and the TGC circuit

The whole architecture of the loop amplifier and the TGC circuit is shown
in figure 2.10.
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2.4 VARIABLE DC CURRENT SOURCE

In figure 2.10, to receive the AC current from the transducer, a DC bias
current source is necessary to bias the input of the TGC network. This DC
bias current source also introduces noise. If a transistor is used as a current
source, according to equation 2.8, it contributes as much noise as the input
transistor of the TGC circuit. Meanwhile, according to equation 2.10, the
DC bias current also affects the g;; of the input transistor of TGC. It is the
same story as the TGC network with a differential pair, the worst case of
noise problem is the high gain setting case when the input echo signal is
1 pA peak to peak. Therefore, to reduce the input noise, small DC bias
current is needed. However, to bias the large echo signal current in the low
gain setting case, a large bias current is needed. In summary, a variable DC
current source is needed to bias the input of TGC.

At the output of the TGC, another DC bias current source is also needed.
The bias current source at the output should provide a bias current equal
to that of the output branch of the current-steering differential pair, so that
only the AC signal current from the TGC flows through the load resistor.
If the output DC current source of TGC is constant, the value of input bias
current source should change exponentially as a function of time.

2.4.1 Biasing using parallel transistors

There are many approaches to implement the DC bias current source. For
the output bias current source, the easiest way to build this source is to place
a constant 10 A current source by one transistor. The drain current of this
transistor can be copied by a current mirror from a reference current source.

For the input variable bias current source, its drain current changes from
1 uA to 100 uA exponentially. There is also a trade-off between noise and
headroom as same as the trade-off in the TGC circuit. Apparently, one tran-
sistor cannot handle this huge dynamic range with low noise behaviour. A
similar way as the current-steering differential pair in the TGC network can
be used to design the variable current source. In figure 2.11a, two transistors
form the current source. In this circuit, transistor M; is a transistor with a
high W/L ratio. On the contrary, transistor M; is a transistor with a low
W/L ratio. The gate voltages of these two transistors behave as shown in
figure 2.11b. T and T, is the starting moment and the ending moment of
the RX period respectively.

In the beginning, the amplitude of the echo signal is large, which means
the bias current should be 100 uA. At that time, the gate voltages of both
M; and M, are high, which can turn on these two transistors. Transistor
M; with a high W/L ratio has enough headroom to handle the large-signal
current.

With the decrease of the amplitude of the echo signal, the gate voltage
Vp1 of M is also decreasing. In this process, the drain current I;; of M is
reducing, so the total bias current is also decreasing. Meanwhile, the drain
current I; of My remains the same. When Vj,; is much lower than V,;, and
M is completely turning off, the gate voltage V;; of M begins to decrease.
Vi keeps decreasing until the drain current, also the total bias current, is
equal to 1 A at Tp.

In this circuit, when the echo signal is small, big transistor M is off. Only
small transistor M is on, so the total effective g, of this current source is
small. In this high gain setting case, the noise of the current source is small,

17
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Figure 2.11: Parallel transistors as bias current source
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which can offer a good SNR performance. When the echo signal is large,
both M; and M are on, so this current source can offer a large amount of
current. Even though in the low gain setting case, the noise behaviour is
bad, but it is still enough for SNR. The gate voltage V}; can be generated
from a current source by a current-mirror fashion, using a diode-connected
transistor. The drain current of that current source changes exponentially
with time. The other gate voltage Vj, can be generated by V};, using a level
shift block, e.g., a source follower. Meanwhile, the V}, has to be limited to
a certain voltage by a voltage limiting circuit, in order to prevent M, from
going into triode region.

However, there are still some problems with this topology. The main prob-
lem is the mismatch between the bias current source and the TGC circuit,
due to the use of different control voltages. If the DC bias current ratio be-
tween input branch and output branch is not equal to the ratio between the
effective width of input branch and output branch in the TGC circuit, the
final gain of TGC will be affected. It is hard to design the gate voltages of
the bias current source, such that the right current is obtained, since these
voltages are not naturally linked to the control voltage of the TGC circuit. In
addition, because there is already a gate control voltage for the TGC circuit,
generating another gate control voltage is not an efficient solution for circuit
designing.

To improve the performance of input bias current source, the same control
voltages as the TGC circuit can be used as Vj; 5, as shown in figure 2.11c.
At low bias current levels, only transistor M, with a small W/L ratio is
active, providing low noise, while at high bias current levels, transistor M;
with high W/L is active, providing the required current within the available
headroom.

2.4.2 Replica circuit

Vb,out

vem
M4 M1 M2 M3
100 1 10, 1
j Ibias
Ve .
lout A
D 3

SR V= s LAVE ol e
Sl nl Egd
=

i I

Figure 2.12: Architecture of the TGCLNA

M
1LF

For a further improvement, to make the circuit matched well and work
efficiently, a replica bias current source circuit as shown in figure 2.12 will
be used in this architecture. This replica circuit consists of transistors Mg to
M. The transistors Mg, My, Mg, Mg and My in the left part of the replica
circuit are symmetrical to the TGC circuit. The gate of transistor My is
driven by the right part of the replica circuit. The current from I;,s is equal
to 10 uA.
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The bias circuit is a complementary NMOS version of the TGC circuit.
As a result, the tail current I;14 splits between the feedback branch and the
output branch in the same way as the signal current. The replica bias circuit
on the right employs a feedback loop to bias the tail current in such a way
that the current provided to the output is constant. In consequence, the bias
current provided to the feedback branch is the desired %_Ti[biay

In this topology, the noise and headroom trade-off problem can be solved
by the parallel differential pair. The replica bias current circuit can use
the same control gate voltage in the TGC circuit. The same topology and
control voltage can achieve a good match between the current ratio of the
bias currents and the effective width ratio of the TGC circuit. Therefore, the
topology of a replica bias current circuit is chosen to build the bias current
sources.



3 CIRCUIT DESIGN

3.1 THE LOOP AMPLIFIER

From figure 2.10, the loop amplifier should handle 40 dB dynamic range of
the input echo signal, while it also can offer a low input impedance in the
high gain setting case to reduce the noise.

3.1.1 Noise of the loop amplifier

First of all, noise is the main concern of designing the loop amplifier. The
input-referred voltage noise of the loop amplifier is shown in figure 3.1. The
transducer can be modelled as a resonator in parallel with a 18 pF capaci-
tance. At 7.5 MHz frequency, the effective impedance of this transducer can
be calculated as:

1 1
e = ~ 118002 .
Zin ‘ j27th’ ‘ j2n7.5M - 18p‘ G
The input-referred voltage noise of the loop amplifier can be transferred
to an equivalent input-referred current noise:

Viu,in,o

Jin,opanmp

In,in,opamp = 7z (3:2)
in

As mentioned in table 1.1, the total input noise from the loop amplifier,
feedback network and bias current source should be less than 1 pA+v/Hz in
the high gain setting case. So, the noise from the loop amplifier should be

M5

T

EGC

Vn,in

/

C, = 18pF|

C. j 4 .
iin( ) s - Ilnas ‘
Lg
Vem

Figure 3.1: Input voltage noise of the loop amplifier
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Vin+

Figure 3.2: The first g, stage of the loop amplifier

smaller than 1 pAvHz. The input-referred noise of the loop amplifier can
be expressed by the function of the effective input G, of the loop amplifier:

/2
Vn,in,opfamp = §4kTGm (3'3)

From equation 3.3, the input referred noise is proportional to the effective
input G, of the loop amplifier. A large Gy, is needed to reduce the noise
of the loop amplifier. Therefore, a current-reuse amplifier is chosen as the
first stage of the loop amplifier, with a high effective input G, as shown in
figure 3.2. In this topology, the effective input G;, can be seen as the sum
of gy12 and gy34. In order to obtain a large effective input G, a large bias
current of 8.5 mA at the highest gain and high W/L ratio are used to bias
transistors Mj 53 4 in weak inversion.

3.1.2  Bandwidth and stability

After discussing the noise problem, the bandwidth of the loop amplifier
should be concerned. The echo signal frequency is 7.5 MHz. In order to
pass the signal, the circuit needs at least 15 MHz for the —3 dB closed-loop
bandwidth.

To analyze the stability and the bandwidth of the loop amplifier, first of
all, the loop shown by the blue arrow in figure 3.3 is considered. For this
loop, the capacitance C, of the transducer is 18 pF. This capacitance will
introduce a pole to the loop, which may be the dominant pole of the circuit.
To make the problem simple, it can be assumed that the poles from the TGC
circuit and the loop amplifier are the nondominant poles, i.e., far beyond
the unity gain frequency of the loop. If the DC gain of the loop amplifier
from node a to node b is A;p—amp, the transconductance of Ms is g, 5 and
the current gain from node ¢ to node a is the factor (1 — x)/2, then the
open-loop gain can be expressed as:

Aop— 1—x)/2
Aop(w) = =2 ampfﬂéi ) (3-4)

For the highest gain setting case, the input bias current I;; is 1 A and
the output bias current is constant as 10 pA, so the tail current I; 5 is the
sum of the input bias current and the output bias current, which is equal to
11 pA. In this case, as the result derived from equation 2.1, the current gain
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Figure 3.3: The loop of the TGC feedback network
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Figure 3.5: System of the closed loop

1*7" from node c to node a is equal to the drain current ratio between M;
and Ms, which is equal to ;.

In the lowest gain setting case, the input bias current I;4 is 100 yA and
the output bias current remains 10 yA, so the tail current I; 5 is 110 #A. Now,
the current gain « is equal to %. If M5 works in the weak inversion region,
gm,5 is proportional to I; 5, which changes from 11 yA to 110 pA. According
to figure 2.12, I;5 is proportional to H% Since both 1%" and H% vary by
20 dB. If the gain of the loop amplifier is constant, the unity gain frequency
of the loop would vary by two decades. This is illustrated in the bode plot
shown in figure 3.4a. The gain-bandwidth product of this open loop can be
expressed as:

1
 AopampSms(1—x) /2 Aop—ampi(1—x)/2

CBW = fu= 21C, N 27C, (5)
2/(l+x)l ias, outpu 35
21tCy T c

The signal path in close loop is shown in figure 3.5. In this circuit, the
TGC circuit just plays a role as an attenuator, which will not affect the -3dB
bandwidth. Therefore, the closed-loop transfer function can be derived as:

Ay (w) = fout _ Ly _ Y2 (i, — ipp) 725 AoL(w)
ct iin iin iin (3 6)
. A . :
B B (i — #ﬁ;’llw%f‘m(w)  Aop(w) 1+x
- iin - AoL(w)+11—x

From this equation, the —3dB closed-loop bandwidth is located where
Apr(w) is equal to 1. So, the unity gain frequency f, of open loop is also
the —3dB closed-loop bandwidth of the circuit, which means that f, should
be larger than 15 MHz. Actually, the requirement of the —3 dB closed-
loop bandwidth is that f, ,;, should be larger than 15 MHz. If f, ,;, is
assumed as 15 MHz, because of the two decades variation, f .y would
be equal to 1.5 GHz, corresponding to a much high closed-loop bandwidth
than required. In previous paragraphs, the poles from the loop amplifier
are not taken into account. Because of the requirement of stability, the —3dB
frequencies of the poles from the loop amplifier should at least larger than
fumax- To make a simple estimation, if the DC gain A,p—amp of the loop
amplifier is constant as 100, the GBW of this amplifier is at least 150 GHz.
This shows that a design based on a loop amplifier with constant gain would
not be efficient.
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Figure 3.6: The architecture of the first stage of the loop amplifier

Instead of keeping the gain of the loop amplifier constant, a VGA can
be used as the loop amplifier. If the gain of the loop amplifier is varied
such that the open-loop GBW is kept constant and slightly larger than 15
MHz, the requirement of the frequency of the nondominant poles is quite
relaxed. From equation 3.5, if the GBW is constant, then A,p—amp should be
proportional to 1.

This is illustrated in the bode plot shown in figure 3.4b. If the GBW
of the loop amplifier is constant, when the gain of the loop amplifier is
changing, as the second pole f, of the whole loop, the —3dB bandwidth of

this amplifier is also changing, which will also affect the stability of the loop.

In the highest gain setting case of the loop amplifier, it is the worst case of
stability, because the —3dB frequency of the loop amplifier is the smallest.

In summary, if a VGA is used as the loop amplifier to compensate the loop
gain and keep the GBW and closed loop bandwidth constant, the highest
gain setting case will be the worst case for noise and stability.

3.1.3 The first stage of the loop amplifier

The topology of the first stage of the loop amplifier is shown in figure 3.6.

As section3.1.1 mentioned, a current-reuse amplifier is chosen as a input G,
stage. Meanwhile, four diode-connected transistors are used as the load of
the amplifier. If the values of g, 5678 are similar, the gain of this stage can
be expressed as:

_ 8&mg3 + 8&m24

Aq
8ms5,7 + §m6,8

(3-7)

In addition, if all the transistors are in the weak inversion region, their
gm are proportional to their tail currents lyiss g, OF Ipigsjond- If Ipiasg, and
Ipias load are proportional to 1+ x and 1 — x respectively, then the total gain
of this stage is proportional to % At the highest closed-loop gain, Iyissg,,
is in the largest case and Ip;ys 1044 is in the smallest case. In this case, the
input referred noise of the loop amplifier is the smallest due to the high
effective input G,;,. The gain of this stage is also large because of the high
effective input G, and the low g, jo54- In contrast, at the lowest closed-loop
gain, when the input echo signal is large, the gain of this loop amplifier is
low due to the low effective input G;; and the high g, 1544-

The whole circuit of the first stage is shown in figure 3.7. The circuit in the
right is the g, ;o4 stage. The circuit on the middle is the G, stage. In order
to create a high effective Gy, large size with high W /L ratio transistors are
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Figure 3.8: The second stage of the op-amp

chosen as Mj234. As a drawback, these transistors are associated with big
parasitic capacitance. Their Cy; are directly connected between input and
output. Therefore, transistors My 2122 23 are used as cascodes to reduce the
effect of parasitic capacitances. The tail current on the bottom is generated
by common-mode feedback, which will be discussed in section 3.1.5.

The circuit in the left is the bias circuit to generate the tail currents Ipjss g,
and Ipjgs10ad- As shown in figure 3.7, a control circuit Mg 19 11,12 similar to
the TGC circuit is used to generate the 1+ x and 1 — x function. If the tail
current I;,; of the bias circuit is constant, the current on the left branch is
proportional to (1 — x)/2, which can be used as the tail current Ij;ss j0q4 Of
the g, 1004 Stage. Meanwhile, the current on the right branch is proportional
to (1+ x)/2, which can be used as the tail current Ipias,g,, Of the Gy, stage.

3.1.4 The second stage of the loop amplifier

As shown in figure 3.3, this loop amplifier is a differential input, single-
ended output amplifier. Moreover, one amplifier stage can hardly offer
enough gain for at least 15 MHz bandwidth. Therefore, a broadband dif-
ferential input single-ended output amplifier has been added as a second
stage as shown in figure 3.8. Because the first stage already offers a high
gain, it is not necessary for the gain of the second stage to be high. In this
circuit, diode-connected transistor cannot be used as the load of the second
stage, which can be seen as a current mirror to drive the gate of M. Be-
cause the tail current I;;s is constant and the drain current I;5 of Ms is
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Figure 3.9: The common-mode feedback

variable, the current mirror will be broken due to the variation of I;5. So a
differential input, resistance-load topology is used. The gain of the second
stage can be expressed as g2425Rj0,9- The —3dB frequency is located at

co Sm24,25 . . .
TR Cos” The GBW is TCons” From these expressions, Cgs5 is defined by

the TGC circuit. g,2425 should be large enough to handle the bandwidth
and the gain trade-off. R;,;s should be chosen properly for the gain and DC
bias.

3.1.5 Common-mode feedback

The last part of the loop amplifier is the common-mode feedback at the out-
put of the first stage, which is shown in figure 3.9. The common-mode level
is sensed from node b in the second stage, which is used to drive the gate
of tail current transistor Myg in the first G, stage through an amplifier in
the middle part of the circuit. If the loop of this common-mode feedback
is analyzed from nodes 4, 4’ to node b, M425 can be seen as a source fol-
lower with gain approximately as 1. The gain from node b to node c is
the gain of the common-mode feedback amplifier A.y,. The voltage from
node ¢ to nodes 4, a’, is amplified by a common source transistor Mp9 and
the common gate transistors M;j 22021, so the loop gain of the common-
mode feedback is high. For stability requirement, the common-mode feed-
back amplifier should be a low gain broadband amplifier. In this figure, a
gm input and diode-connected load amplifier is used as the common-mode
feedback amplifier. Mpg29 work as a current mirror. To obtain the desired
gain-dependent drain current Ipjgsq, Of Mao, the drain current ;g should
also be variable. So, the tail current I;3 should also be proportional to 1+ x,
which can be realized by connecting the gates of M3y and M5 together. Last
but not least, two compensation capacitor C;, are placed between nodes 4, a
and node c to stabilized the common-mode feedback loop.

In summary, the whole circuit of the loop amplifier is shown in figure 3.10.
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Figure 3.10: The whole circuit of the loop amplifier



3.2 BIAS CURRENT SOURCE \

3.2 BIAS CURRENT SOURCE

In section 2.4, the circuit of the bias current source is shown in figure 2.12.
Compared with the PMOS transistors, the NMOS transistors have worse
flicker noise performance in the same size scale. The bias circuit is a com-
plementary NMOS version of the TGC circuit. In order to reduce the flicker
noise from the bias current source, the NMOS transistors with long length
(2 ym) are used.

3.3 TIME GAIN COMPENSATION FEEDBACK NET-
WORK

The thermal noise of the PMOS transistors in the TGC circuit is the main
concern. So, transistors with a small W/ L ratio are needed. In addition, the
headroom and the output swing are also another important aspects, which
are needed to be considered. Even though a parallel differential pair is
used to avoid the problem, if the W /L ratios of the transistors are too small,
the transistors will fall into the triode region. Therefore, choosing a proper
length and a proper W/L ratio of the transistors is the most important part
of the circuit of the TGC circuit.
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SIMULATION RESULTS

4.1 AC PERFORMANCE

411 AC response

Figures 4.1 and 4.2 show the AC closed-loop response of the whole current
to current LNA with TGC function. There are different curves as shown
in the figures as a function of the control voltage (V;) at the different gain
settings. The control voltage the the difference of the gate voltages of the
differential pairs (Vo4 — Ve—).

The variation of the —3 dB bandwidth as a function of the DC gain is
shown in figure 4.3. From the simulation result, the closed-loop bandwidth

is always larger than 15 MHz, which is the required bandwidth of the circuit.

However, the closed-loop bandwidth is not constant, but varies by a factor
of 2, which is different from the expectation. It is reasonable because the
TGC circuit, the bias circuit and the loop amplifier use different control
circuits. The control circuit of the bias circuit and the loop amplifier are
complementary NMOS versions of the TGC circuit. The W/L ratios of the
NMOS transistors and the PMOS transistors are also different, which will
cause a mismatch among the control circuits of the TGC circuit, the bias
circuit and the loop amplifier. Therefore, the closed-loop bandwidth cannot
be absolutely constant.

4.1.2 Linearity of TGC

Figure 4.4 shows the log-conformance between the control voltage and the
DC gain of the TGC. Indeed, this TGC amplifier with a parallel differential
pair does not have a linear-in-dB characteristic. However, this is not really
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Figure 4.1: AC gain of the TGCLNA as a function of frequency, for different DC
gains with corresponding gain-control voltages
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Figure 4.2: AC phase of the TGCLNA as a function of frequency, for different DC
gains with corresponding gain-control voltages
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Figure 4.3: -3dB Bandwidth as a function of the DC gain
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Figure 4.6: Linearity of the fifth-order polynomial fit

a problem, because in a typical imaging system in which many TGCs could
share one control-voltage generator, one could implement a DAC that gen-
erates the appropriate non-linear gain-control voltage. Figures 4.5 and 4.6
show the third-order and fifth-order polynomial fit of the control voltages.
As shown in the figures, the errors after the third-order and fifth-order poly-
nomial fit are less than 1.5 dB and 1 dB respectively. Therefore, it is possible
to generate this polynomial control voltage from a linear control factor by a
DAC.

4.2 NOISE PERFORMANCE

Figure 4.7 shows the input referred noise as a function of frequency. The
central frequency of the input echo signal is 7.5 MHz with a span of 5 MHz,
from 5 MHz to 10 MHz. To make it more intuitive, figure 4.8 show the
integrated (rms) noise and the integrated (rms) signal across the bandwidth
of interest. In this figure, the integrated (rms) noise of the LNA is a bit
higher than the transducer’s in-band gain independent rms noise at the
highest gain setting, because the transducer’s spot noise is 0.92 pA/+/Hz at
7.5 MHz, which is 20% lower than the original target spot niose 1 pA/+/Hz
as shown in table 1.1. The noise performance of the TGCLNA still can be
improved, so it is not a big problem. In addition, as shown in figure 4.9, the
SNR is the worst at the highest gain setting. With the decrease of the DC
gain of TGCLNA, the SNR increases.
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Figure 4.7: Input referred noise as a function of frequency, for different DC gains
with corresponding gain-control voltages
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Figure 4.9: Signal to noise ratio of the TGCLNA

4.3 DYNAMIC RANGE AND DISTORTION

As shown in figure 4.10, this amplifier has an input dynamic range of 93 dB,
which is compressed into an output dynamic range of 53 dB by means of
the 40 dB variable gain.
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Figure 4.10: Dynamic range of the TGCLNA
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Figure 4.11: Bode plot of the amplifier’s open-loop gain

4.4 STABILITY OF THE LOOP AMPLIFIER

4.4.1 Differential feedback loop

Figure 4.11 shows the bode plot of the amplifier’s open-loop gain. As men-
tioned in the last section, because of the mismatch of the control circuits, the
GBW of the whole feedback network is not absolutely constant.

Figure 4.12 shows the phase margin and the gain margin of the open loop
as a function of the DC gain. Even if the GBW of the feedback network
is constant, because of the variation of the second pole, the phase margin
and the gain margin will still be variable. Also due to the mismatch of
the control circuits and the different saturation region of the transistors, the
simulation result is a little bit different from the expectation, which is that
the phase margin is the worst at the highest gain setting case. The phase
margins are larger than 58°. The gain margins are larger than 13 dB. The
differential feedback loop is solidly stable over the full gain range.

4.4.2 Common-mode feedback loop

Figure 4.13 shows the bode plot of the amplifier’s open-loop gain of the
common-mode feedback loop. The circuit of the common-mode feedback
network is shown in figure 3.9. The tail current of the g, stage is propor-
tional to the tail current of the common-mode feedback amplifier. So the
DC gain of the common-mode feedback network is also variable.

Figure 4.14 shows the phase margin and the gain margin of the open loop
of the common-mode feedback loop as a function of the DC gain of the TG-
CLNA. Due to the common-mode open-loop gain has the same monotony
as the open-loop gain, the DC open-loop gain of the common-mode feed-
back loop is the highest, when the TGCLNA is at the highest gain setting.
Therefore, the simulation result is in line with expectations, which is that
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Figure 4.14: Common-mode feedback phase margin & gain margin as a function of
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the phase margin is the worst, when the DC gain of the TGCLNA is the
highest. The phase margins are larger than 55°. The gain margins are larger
than 28.5 dB. The differential feedback loop is also stable over the full gain
range.

4.5 TRANSIENT RESPONSE

4.5.1 Transient response with sine wave input

Figures 4.15 to 4.18 show the transient response with sine wave input. These
figures show a good transient performance with an exponentially-varying
input amplitude, showing that the output range is reduced. The amplitude
of the output AC signal stays around 10 pA peak to peak. Figure 4.15a
shows the input signal as function of time. Figure 4.15b shows the variable
bias current and the input signal after being biased as function of time.
Figure 4.15¢ shows the AC output signal as function of time.

4.5.2 Transient response with square wave input

Figures 4.19 to 4.22 show the transient response with square wave input.
Figures 4.20 and 4.22 show the large-signal behavior and the small-signal
behavior for large pulses at maximum input amplitude of the echo signal
and small pulses at minimum input amplitude of the echo signal respec-
tively, by zooming in figure 4.19. During the high gain setting period, there
a slight overshoot, because the DC bias point is actually different due to the
large input signal at the high gain setting case.
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Figure 4.15: Transient response with sine wave input
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Figure 4.16: Transient response (zoom in) at the lowest gain



Input Signal with DC bias [uA]

AC outpu signal [uA]

Input Signal with DC bias [uA]

AC outpu signal [uA]

Input Signal [uA]

Input Signal [uA]

4.5 TRANSIENT RESPONSE |

° ANAAN NN N
: NANARANARANANS
0 ’J { / | \ / \ / \ [ 4
; \" IR A
o J v VU YUY
35 35.2 35.4 35 6 35 8 36 36.2 36.4 36.6 36.8 37
Time (RX period) [uS]
0 (?)
Inpu( Signal wnn DG bias | |
40 Input bias current
30— -
20 \ ’/\ //\ A fﬂ\ A /\ \
= / / / / [\ / 1
\/ / \ —
IVERVERY, N AV EVEVEVAVAVAY.
L L L L L L L L L
035 35.2 35.4 35.6 35.8 36 36.2 36.4 36.6 36.8 37
Time (RX period) [uS]
10 ((\:) T
5 N NN \ \
/\ NN N AN
0 AV AVAVAVAVAVAVAVAVEY
VAVAVAVAVAVAVAVAVEYAY
10 1 1 1 1 1 1 1 1 1
35 35.2 35.4 35.6 35.8 36 36.2 36.4 36.6 36.8 37
Time (RX period) [uS]
Figure 4.17: Transient response (zoom in) in the medium gain
5 (?)
s L i
oL 3
s i
2 1 1 1 1 1 1 1 1 1
93 93.2 93.4 93.6 93.8 94 94.2 94.4 94.6 94.8 95
Time (RX period) [uS]
b
4 (\) T
Inpu( Signal wuh DC bias
3+ Input bias current
s i
q .
0 1 1 1 1 1 1 1 1 1
93 93.2 93.4 93.6 93.8 94 94.2 94.4 94.6 94.8 95
Time (RX period) [uS]
o (?)
5
0
5
0 1 1 1 1 1 1 1 1 1

93.2 93.4 93.6 93.8 94 94.2

Time (RX period) [uS]

94.4 94.6 94.8 95
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Figure 4.21: Transient response (zoom in) in the medium gain
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Figure 4.23: Instantaneous power as a function of time

46 POWER CONSUMPTION

Figure 4.23 shows the instantaneous power as a function of time in RX pe-
riod. At the beginning of the RX period associated with low DC gain, the
power consumption is low, while at the high gain setting, the power con-
sumption is high. The total average power in the RX period is 10.8 mW.

4.7 AREA

The whole circuit occupies an estimated die area of 320um x 320um with
80% utilization, which is a bit larger than expected The compensation ca-
pacitor of the common-mode feedback amplifier, the tail transistors of the
input Gy, stage of the loop amplifier occupy a large area of the circuit. That
is the reason why the area of the TGCLNA is a bit larger than expected.
These aspects can be improved in the future.



5 CONCLUSIONS AND FUTURE
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5.1 CONCLUSIONS

The goal of this thesis was to create a low-noise amplifier for ultrasound
imaging with continuous time-gain compensation.

To realize the TGC function, a rational function is used to approximate
the exponential function. This rational function has been implemented by
a feedback network with a current-steering differential pair. Because of the
large dynamic range of the input echo signal, a single differential pair can-
not receive the input echo signal with a low-noise performance and avail-
able headroom over the full gain range. So, to handle the problem of the
noise and the headroom trade-off, a parallel differential pair is used as the
current-steering differential pair, instead of a single differential pair.

To realize the DC bias current source, a replica circuit as a complementary
NMOS version of the TGC circuit is used. This bias circuit provides the
required variable bias current within the available headroom and sufficient
SNR.

To realize the loop amplifier in the feedback network, a differential input
single-ended output variable gain amplifier with two gain stages is used.
The first stage is a differential input differential output variable gain am-
plifier, using a current-reuse amplifier as the effective input G, and four
diode-connected transistors as the load. The gain is of the amplifier is con-
trolled by changing the tail currents of the G, stage and the load stage. The
second stage is a differential input single-ended output fixed gain ampli-
fier, using a differential NMOS pair as the input and a resistor as the load.
There is a common-mode feedback network in this amplifier. Another vari-
able gain amplifier is used as the common-mode feedback amplifier. The
loop amplifier offers a wide bandwidth within sufficient SNR.

The table shows the performance of the circuit compared with the prior
art. Direct comparison of the performances, e.g. power efficiency, is dif-

Table 5.1: Performance summary and comparison with prior art

Ref. [17] [18] [19] This work
0.18 ym 0.18 ym 0.18 ym 0.18 ym
Process HV HV HV BCD
Center frequency 13MHz  5MHz 20 MHz 7.5 MHz
Bandwidth 16 MHz 10MHz 40 MHz 40 MHz
Power 9.1 mW 1.4 mW 0.8 mW 10.8 mW
Gain range 12 dB 12 dB Fixed gain 40 dB
Gain switching Discrete  Discrete  Fixed gain Continuous
Input capacitance 0.7 pF 2 pF 0.09 pF 18 pF
Input Noise at 3.0 0.41 0.31 0.96

center frequency pA/vHz pA/vHz pA/vHz pA/vVHz
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ficult because of the different transducer specifications targeted. In con-
stracts with the prior art, this work provides continuous gain control within
the LNA, thus avoiding the imaging artefacts associated with discrete gain
steps.

5.2 IMPROVEMENTS AND FUTURE WORK

5.2.1  Improvements

Some aspects of the TGCLNA leave room for improvement. In chapter 4,
some results are different from the expectations due to the mismatch of the
control circuits. This mismatch can be reduced by changing the W/L ratios
of the PMOS and NMOS transistors.

In addition, the closed-loop bandwidth is a bit larger than the required
bandwidth, which means that the noise and the power consumption can
be optimized by sacrificing some closed-loop bandwidth. Therefore, a bet-
ter balance can be made among the noise, the closed-loop bandwidth, the
stability and the power consumption.

Two compensation capacitors, which occupy a relatively larger area, are
used to stabilized the common-mode feedback loop. This can be improved
by designing a better common-mode feedback loop of the loop amplifier
with a smaller area.

5.2.2 Future work

This TGCLNA still lacks a control circuit to generate the control voltages.
A DAC will be designed as a control circuit to generate the appropriate
non-linear gain-control voltage, which can be used for the TGCLNAs in all
channels.

Additionally, in order to receive the AC output signal from the amplifier,
a TIA can be added after the TGCLNA in order to load the signal as shown
in figure 5.1.

After the circuit is completed, this TGCLNA will be laid out and taped out.
A printed circuit board (PCB) of test bench will be designed for measuring
the real performance of the circuit.



BIBLIOGRAPHY

[1]

[2]

World Health Statistics 2016: Monitoring Health for the SDGs Sustainable
Development Goals. World Health Organization, 2016.

Y. M. Peng, X. J. Liu, B. X. He, J. Q. Yu, M. Y. Chen, Z. H. Shuai, Y. Y. Hu,
L. J. Wang, S. P. Chen, and C. T. Chin. Estimation and compensation of
in-situ ultrasound intensity using a 2-D array therapy system and high
frame rate imaging. In 2017 IEEE International Ultrasonics Symposium
(IUS), pages 1—4, Sep. 2017.

P. L. Muntal, S. E. Diederichsen, I. H. H. Jrgensen, ]J. A. Jensen, and E. V.
Thomsen. Transmitting performance evaluation of ASICs for CMUT-
based portable ultrasound scanners. In 2017 IEEE International Ultra-
sonics Symposium (IUS), pages 1—4, Sep. 2017.

W. Lee, S. E. Idriss, P. D. Wolf, and S. W. Smith. A miniaturized catheter
2-D array for real-time, 3-D intracardiac echocardiography. IEEE Trans-
actions on Ultrasonics, Ferroelectrics, and Frequency Control, 51(10):1334—
1346, Oct 2004.

E Chu, A P Fitzpatrick, M C Chin, K Sudhir, P G Yock, and M D Lesh.
Radiofrequency catheter ablation guided by intracardiac echocardiog-
raphy. Circulation, 89(3):1301-1305, 1994.

Z. Yu, S. Blaak, Z. Chang, J. Yao, J. G. Bosch, C. Prins, C. T. Lancee,
N. de Jong, M. A. P. Pertijs, and G. C. M. Meijer. Front-end receiver
electronics for a matrix transducer for 3-D transesophageal echocardio-
graphy. IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency
Control, 59(7):1500-1512, July 2012.

C. Chen, Z. Chen, D. Bera, S. B. Raghunathan, M. Shabanimotlagh,
E. Noothout, Z. Chang, J. Ponte, C. Prins, H. J. Vos, J. G. Bosch, M. D.
Verweij, N. de Jong, and M. A. P. Pertijs. A Front-End ASIC With
Receive Sub-array Beamforming Integrated With a 32 x 32 PZT Matrix
Transducer for 3-D Transesophageal Echocardiography. IEEE Journal of
Solid-State Circuits, 52(4):994—-1006, April 2017.

M. Chen, A. P. Perez, S. Kothapalli, P. Cathelin, A. Cathelin, S. S. Gamb-
hir, and B. Murmann. 27.5 A pixel-pitch-matched ultrasound receiver
for 3D photoacoustic imaging with integrated delta-sigma beamformer
in 28nm UTBB FDSOI. In 2017 IEEE International Solid-State Circuits
Conference (ISSCC), pages 456—457, Feb 2017.

H. O. Elwan and M. Ismail. Digitally programmable decibel-linear
CMOS VGA for low-power mixed-signal applications. IEEE Trans-
actions on Circuits and Systems II: Analog and Digital Signal Processing,

47(5):388-398, May 2000.

H. Elwan, A. Tekin, and K. Pedrotti. A Differential-Ramp Based 65
dB-Linear VGA Technique in 65 nm CMOS. IEEE Journal of Solid-State
Circuits, 44(9):2503-2514, Sep. 2009.

47



48

| BIBLIOGRAPHY

[11] C. Chen, Z. Chen, D. Bera, E. Noothout, Z. Chang, M. Tan, H. ]. Vos,
J. G. Bosch, M. D. Verweij, N. de Jong, and M. A. P. Pertijs. Pitch-
Matched Front-End ASIC With Integrated Subarray Beamforming ADC
for Miniature 3-D Ultrasound Probes. IEEE Journal of Solid-State Circuits,
53(11):3050-3064, Nov 2018.

[12] H. Nguyen, H. Nguyen, ]J. Lee, and S. Lee. A Binary-Weighted Switch-
ing and Reconfiguration-Based Programmable Gain Amplifier. IEEE
Transactions on Circuits and Systems II: Express Briefs, 56(9):699—703, Sep.
2009.

[13] Quoc-Hoang Duong, Quan Le, Chang-Wan Kim, and Sang-Gug Lee. A
95-dB linear low-power variable gain amplifier. IEEE Transactions on
Circuits and Systems I: Regular Papers, 53(8):1648-1657, Aug 2006.

[14] K. M. Abdelfattah and A. M. Soliman. Variable gain amplifiers based
on a new approximation method to realize the exponential function.
IEEE Transactions on Circuits and Systems I: Fundamental Theory and Ap-

plications, 49(9):1348-1354, Sep. 2002.

[15] H. Nguyen, Q. Duong, H. Le, J. Lee, and S. Lee. Low-power 42 dB-
linear single-stage digitally-controlled variable gain amplifier. Electron-
ics Letters, 44(13):780—782, June 2008.

[16] Behzad Razavi. Fundamentals of Microelectronics. Wiley, 2013.

[17] M. Tan, C. Chen, Z. Chen, J. Janjic, V. Daeichin, Z. Chang, E. Noothout,
G. van Soest, M. D. Verweij, N. de Jong, and M. A. P. Pertijs. A Front-
End ASIC With High-Voltage Transmit Switching and Receive Digitiza-
tion for 3-D Forward-Looking Intravascular Ultrasound Imaging. IEEE
Journal of Solid-State Circuits, 53(8):2284—2297, Aug 2018.

[18] K. Chen, H. Lee, and C. G. Sodini. A Column-Row-Parallel ASIC Ar-
chitecture for 3-D Portable Medical Ultrasonic Imaging. IEEE Journal of
Solid-State Circuits, 51(3):738—751, March 2016.

[19] G. Gurun, C. Tekes, J. Zahorian, T. Xu, S. Satir, M. Karaman, ]J. Hasler,
and E L. Degertekin. Single-chip CMUT-on-CMOS front-end system
for real-time volumetric IVUS and ICE imaging. IEEE Transactions on
Ultrasonics, Ferroelectrics, and Frequency Control, 61(2):239—250, February
2014.



COLOPHON

This document was typeset using IXIgX. The document layout was gen-
erated using the arsclassica package by Lorenzo Pantieri, which is an
adaption of the original classicthesis package from André Miede.






%
TUDelft



	List of Figures
	List of Tables
	1 Introduction
	1.1 Background
	1.2 Introduction of Time Gain Compensation
	1.3 Prior Art
	1.3.1 TGCs with discrete gain steps
	1.3.2 TGCs that interpolate between discrete gain steps
	1.3.3 TGCs that use approximately-exponential variable-gain circuits

	1.4 Motivation
	1.5 Design objective
	1.6 Thesis organization

	2 Architecture
	2.1 Basic theory
	2.1.1 Linearity of the differential pair
	2.1.2 Realization of the (1+x)/(1-x) function

	2.2 Time-gain compensation circuit
	2.2.1 Single differential pair
	2.2.2 Parallel differential pair

	2.3 The loop amplifier
	2.4 Variable DC current source
	2.4.1 Biasing using parallel transistors
	2.4.2 Replica circuit


	3 Circuit design
	3.1 The loop amplifier
	3.1.1 Noise of the loop amplifier
	3.1.2 Bandwidth and stability
	3.1.3 The first stage of the loop amplifier
	3.1.4 The second stage of the loop amplifier
	3.1.5 Common-mode feedback

	3.2 Bias current source
	3.3 Time gain compensation feedback network

	4 Simulation Results
	4.1 AC performance
	4.1.1 AC response
	4.1.2 Linearity of TGC

	4.2 Noise performance
	4.3 Dynamic range and distortion
	4.4 Stability of the loop amplifier
	4.4.1 Differential feedback loop
	4.4.2 Common-mode feedback loop

	4.5 Transient response
	4.5.1 Transient response with sine wave input
	4.5.2 Transient response with square wave input

	4.6 Power consumption
	4.7 Area

	5 Conclusions and Future work
	5.1 Conclusions
	5.2 Improvements and future work
	5.2.1 Improvements
	5.2.2 Future work


	Bibliography

