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Abstract

This thesis describes analog, low-power modules intended used in the front-
end of 3D /4D medical ultrasound imaging systems. The number of trans-
ducer elements in these systems is much higher than in conventional imaging
systems because they are arranged in a matrix instead of a row. In the ex-
treme case, the number of elements in a 3D /4D probe is squared compared
to the classical 2D probe. To preserve the information generated by each
single transducer element and effectively transfer it to the ultrasound con-
sole, it is believed that sub- or micro-beamforming on a small part of the
aperture is necessary. Without any processing in the probe-handle the num-
ber of cables from the transducers to the ultrasound system is very high and
equal to the number of elements. Such a cable is not practical to use. The
classical ultrasound console is also not able to accept such a high number
of signals. By its nature, beamforming reduces the number of signals by
a factor equal to the number of elements processed. Micro-beamforming
involves element-specific amplification, introduction of programmable delay
per element and an effective summation node for all the delayed and ampli-
fied signals. Amplification is necessary to raise the signal- and noise-level
before further processing. This is necessary to conserve high signal-to-noise
ratio, SNR, and low noise-figure, NF, throughout the processing chain. Be-
cause the echoed signal is strongly attenuated when propagating in human
tissue, time-variable gain is required in the amplifiers. This kind of gain is
referred to as TGC in ultrasound-literature. Individual and programmable
delay is necessary to steer the beam in the desired direction. The channel
specific delay is updated from beam to beam. Typical update rate is in the
kilohertz range.

Two main topics have been studied during this research. The first topic
is design of low-power allpass filters. Log-domain topologies were identified
as potential low power, high dynamic range modules. A log-domain allpass
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filter with a power-efficient signal pre-processor is proposed and simulated.
We were able to achieve 48dB dynamic range assuming a bandwidth of
20MHz when consuming ImW of power. A micro-beamformer using the log-
domain pre-processor and the log-domain allpass filter is also constructed
and simulated. Because overall power consumption was found to be higher
than what is believed to be acceptable in an application, a silicon prototype
was not built. The delay line has dynamic range of 50dB dissipating 3.2mW.
Three delay cells were connected in series leading to four available delay
steps. Three papers describing modules intended used in log-domain beam-
formers were written.

The second topic studied was the design of low-power, low-noise TGC
amplifiers. This part of the study contains the most significant contribu-
tions. A low-power, gain compensation method compatible with all known
basic amplifier architectures was proposed and implemented in silicon. The
method was tested on charge sensitive trans-impedance amplifiers. Two dif-
ferent implementations with two different gain control schemes are demon-
strated. The first implementation demonstrates 58dB instantaneous dy-
namic range and 12dB gain compensation when assuming a bandwidth of
20MHz. Power consumption is 412uW and 663uW at high- and low gain-
setting respectively. It is possible to adjust gain continuously from 26dB to
14dB varying an external control signal. The second design demonstrates
57dB instantaneous dynamic range and 15dB gain adjustment assuming the
same bandwidth. Power consumption is 1.1mW and 2.2mW respectively.
The first design is more power efficient than the second design. Though,
the main goal of the second design was to demonstrate that positive feed-
back could be utilized in these kinds of circuits to relax the requirements
on the active feedback cell. Necessary adjustment of trans-conductance was
reduced from 100uS in the first design to 30uS in the second design. The
results of the LNA study were published in three different papers.

Results from this thesis have found its way into several commercially
available products and have therefore proven to assist making high quality
cardiac imaging possible.
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Chapter 1

Introduction

For several decades ultrasound has been used in medicine to examine soft
tissue. The technique is based on the simple principle of analysing the echo
from a transmitted sound wave. Typical frequencies used are in the low
megahertz range. Resolution in radial direction is controlled by the wave-
length. Higher frequency results in better resolution. On the other hand,
attenuation increases with frequency. This reduces penetration. A rule of
thumb is that ultrasound is attenuated 1dB/MHz/cm. To increase perfor-
mance, several transducer elements are placed next to each other. This
enables beamforming. Beamforming is a technique used both during trans-
mit and receive and is based on combining information from the individual
transducers from different points in time. Electrical steering of the beams is
possible if the delays can be controlled electrically. Resolution in lateral di-
rection is controlled by the ability to place beams close to each other during
beamforming.

Most commercially available ultrasound systems have a limited number
of transducer elements inside the ultrasound probe. Often there is a one to
one correspondence between each element and the system channel located
inside the console. One cable is connected from the element to the console
channel. This typically limits the maximum number of channels to a couple
of hundred. A 2D plane is imaged placing the transducers in a row.

Many of us have seen the ultrasound image of an unborn baby. Without
proper training or experience, it is a little bit challenging to understand what
we really see. Resolution is one limitation that ultrasound manufacturers
are always striving to improve. In reality, overall image quality could be
improved by improving the front-end electronics. Dynamic range could be
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increased and noise figure could be reduced. Though, because the processing
power of computers is growing very quickly, most ultrasound image-quality
improvements today come from increased signal post-processing. From cost
point of view this makes perfect sense.

Now, post-processing alone would not change the fact that classical sys-
tems present a 2D slice of a 3D object. No post-processing alone could
change this. To image the object under examination in 3D, significant
changes to the front-end must be introduced. Mechanical tilting of the
aperture is one solution that has been widely and successfully used by the
industry for a long time. This is especially successful when the object under
investigation doesn’t move or move slowly. For cardiology, the mechanical
solution has never been very successful. Contraction of the heart simply
happens too fast. Instead, it is believed that the row of elements must be
expanded into a matrix of elements. The imaging plane accessed by the
beam from a row of element can then electronically be lifted up and down,
not just back and forth. Information can then be transmitted into, and
received from a three-dimensional space purely electronically. Electronics
must be moved from the ultrasound console and into the probe-handle to
enable this. Discrete components are too big and would enable only process-
ing of a small number of channels. Application specific integrated circuits
(ASICs) are one solution to the problem. One could imagine that by placing
one or more ASICs in the probe-handle, one could do channel specific trans-
mission, reception and delay and finally a summation of several processed
channels. Each transducer could potentially get dedicated transistor and
digital logic assigned to it.

Now, a great challenge when designing such a system is to get adequate
performance. Dynamic range must be high at the same time as power con-
sumption must be low. The probe containing the electronics will during
normal operating mode touch the patient. The maximum temperature al-
lowed by the regulatory authorities on devices to touch the patient is 43 ° C.
Assuming that we want to turn a classical 64 channels 2D-probe into a 3D-
probe. Assuming next a square aperture, 64 elements in one row translate
into 4096 elements in the corresponding matrix. If we next assume each
channel to consume 10mW, total power consumption reaches about 40W'.
Surface temperature of a 40W light bulb is definitely higher than 438 ° C.
We understand that low power consumption is essential.

In addition to have high-end, high-performance systems available, con-
sumers, including medical doctors, expect the industry to introduce portable,
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handheld and battery-operated imaging systems. Based upon the develop-
ment of mobile phones, it would be unrealistic to think that expectations
to battery life on such devices should be any different. Design of integrated
solutions like the ones discussed above could enable development and intro-
duction of such devices. A few commercial available systems are already
available.

1.1 Previous Work

To design VLSI, low-power, compact beam-formers it is necessary to under-
stand fundamental beamforming theory, how to design delay-cells and how
to design variable-gain-amplifiers (VGAs).

1.1.1 Beamforming Theory

Fundamental beamforming theory will not be discussed in this thesis. Thome-
nius gave a thorough introduction to the topic in [1]. Key literature is also
referenced in his paper. Additional theory is presented by Angelsen in [2]
and Wrigth in [3].

1.1.2 Delay-cells

The delay cell studied in this thesis is based on log-domain implementation.
A detailed description of log-domain theory can be found in [4]. Roberts
and Leung references key work done in the field of log-domain filters. Log-
domain theory is not discussed in detail in this thesis.

1.1.3 Integrated Beamformers

An introduction to fully integrated, analog beamformers can be found in
the work of Stefanelli et. al in [5], in the work presented by Vermesan et.
al. in [6] or in the work presented by Mo et. al. in [7].

1.1.4 Amplifiers

Amplifiers with programmable, switched or adjustable gain have been stud-
ied for several decades. A huge amount of papers are available on the topic.
A few selected, published in the period 1968 to 2009, can be found in [8], [9]
[10], (1], [12], [13], [14], [15] [16], [17], [18], [19], [20], [21], [22], [23], [24], [25];
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[26], [27], [28], [29], [30] [31], [32], [33], [34], [35], [36], [37], [38], [39], [40], [41]
and [42]. Design of VGAs is the main topic of this thesis.

1.2 Primary Objective

The purpose of this research is to find efficient system- and circuit algorithms
and specific circuit solutions that contribute to development of medical ul-
trasound imaging. Focus is kept on real time 3D /4D systems where analog
signal processing is carried out inside the ultrasound probe. Low power,
high dynamic range modules are necessary to enable 3D/4D imaging and
to maximize image quality.

1.3 Main Contributions

The thesis is mainly concerned with the design and analysis of low power
modules for future generation medical ultrasound imaging systems. The
main contributions are:

e A technique extending the dynamic range of fully differential class AB
log domain filters

e A fully differential, class AB log-domain allpass filter
e A log-domain micro-beamformer

e A framework for efficient simulation of large ultrasound beamforming
systems using systemC.

e A low-power, continuous time, gain compensation technique compati-
ble with all fundamental amplifier topologies. Measurements are pre-
sented.

e An extension to the demonstrated gain-compensation technique ex-
panding the dynamic range. Measurements are presented.

It is important to mention that a dominating part of the results in
this thesis would not have been possible without access to Nordholts book
"Design of High-Performance Negative Feedback Amplifiers”, [43]. This
book has been a great source of inspiration.
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1.4 Outline

This thesis is divided into two main parts. The first part gives an intro-
duction to the challenges we face when trying to build real time 3D/4D
ultrasound imaging systems. The fundamental limits are studied and previ-
ous work in the field is summarized. Fundamental, physical limits in analog
design are studied and expectations to power consumption is established.
Performance of the proposed circuits is compared to the fundamental limits.

The second part of this thesis contains the papers published during the
research. In total, nine papers were written. All papers focus on challenges
related to medical ultrasound front-end design. The topic in two out of nine
papers is floating-gate-circuit design. This topic is considered to be outside
the scope of the main research and is therefore not included in the thesis. A
reference to the two papers is found in [44] and [45]. A complete reference
to the other seven papers can also be found in the reference list.
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Chapter 2

Figure of Merit for Analog
Modules

Sufficient dynamic range is a very important parameter in medical ultra-
sound imaging systems. The echoed signal returning from human tissue
during imaging suffer from heavy attenuation when propagating towards
the receive electronics. Far-field signals are extremely weak and detection
should be limited by the noise of the receiver. Noise in the pre-amplifier
must then be as low as possible. High noise will deteriorate NF. At the
same time, echoes from the near-field are very strong. It is important that
the amplifier and subsequent modules can handle these strong signals at
the same time as NF is low. Clipping is undesirable but often unavoidable.
As far as possible, one must aim for rail-to-rail performance. High dynamic
range is expensive in terms of power consumption. This section gives an
introduction to the fundamental limits and compares the design presented
in the research with these limits. Comparison of VGAs published in the
period 1968 to 2009 is also performed.

2.1 Definition of FOM

Several studies on the fundamental lower limits of power consumption an
analog circuits have been published, see eg. [46], [47], [48] and [49]. Walden
proposed a figure of merit for ADCs in [50]. In this paper, dynamic range,
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bandwidth and power consumption are combined in one equation, see (2.1).

Fou = 21 B (2.1)
Pprs
Here DR is the dynamic range, BW is the bandwidth and Ppjg is the
dissipated power. Schreier and Temes argued in [51] that dynamic range
should be squared. This is reasonable so that power quantities are related
in the equation. Implicitly we have then defined dynamic range as the ratio
between voltage-quantities and not power quantities, see (2.2).

DR Vsia_rms

= 2.2
VNOISE_.RM S (22)

We will use this definition for DR the sections below. The same approach
was also used by Wulff in his Phd thesis, [52], and by Ytterdal in [53]
and [54]. To have low numbers for power efficient circuits, equation (2.1) is
often inverted. In the subsequent sections, the inverted FOM with dynamic
range squared will be used, see (2.3).

Pprs

FOM = —215__
0 DR?- BW

(2.3)

2.1.1 Dynamic Range and Power Consumption

Minimum signal in an electrical circuit is limited by the noise-floor. Maxi-
mum signal in the same circuit is typically limited by the power supply'. Dy-
namic range, the ratio between these to extremes, is in other words squeezed
between the supply level and the noise level. What complicates the situation
further is that more advanced technologies requires lower supply levels due
to lower breakdown voltages. These technologies often also dictate lower
power consumption per area. To achieve this, current levels must be re-
duced. Lower current levels leads to higher noise. This makes design of
low-power, high dynamic range circuits challenging.

There is a fundamental tradeoff between dynamic range, power con-
sumption and bandwidth. These quantities are strongly related to each
other, see Fig. 2.1 to get a conceptual idea.

!Dynamic range in current-mode circuits is not necessarily limited by the power-supply
level.
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Fig. 2.1: Fundamental interactions in analog design

Minimum Power Consumption

To develop the equations relating these quantities, we start with the model
shown in Fig. 2.2, [54]?. Here the load capacitor, C, is driven by a class-A
output-stage. In a class-A output stage, one driver module is handling the
complete cycle. It is often said that the opening angle of the driver is 360
degrees. A constant current source, Ipp, is connected to the positive power
supply, Vpp. During operation, Ipp is either steered into the load or down
to ground through the controllable current source controlled by Viy. For a
module to be able to handle 360 degrees of a signal swing, quiescent current
in the output stage must be as large as the maximum current to be delivered
to the load. Because of this, efficiency is such stages can never be higher
then 25%. This is well known and details can be found in [55].

In Fig. 2.2, the output voltage, Vour, is driving a capacitive load, C.

2A similar analysis was done by Vittoz in [49] and by Ytterdal and Wulff in [54].
In [54], dynamic range was expressed as the ratio between signal amplitude and rms-noise
leading to a more pessimistic level for the absolute lowest energy level needed to drive the
load. The author believes the analysis is more correct defining dynamic range to be the
ratio between signal rms and noise rms values.
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Fig. 2.2: Model for Power / Dynamic range ratio

Theoretical maximum amplitude is equal to half the supply voltage, Vpp/2.
In reality it is somewhat lower due to non-zero saturation voltage in the
current source. This effect is taken into account by the voltage efficiency,
n,, see (2.4).

P Vbp - v

VOUT(t):V%COS(Q-w-f-t): cos(2-m- f-1) (2.4)

In (2.4) f is the frequency and Vpp is the peak-to-peak value of the output
signal. The current flowing into the load is given by (2.5).

d V;
Itoap(t) =C - —Vour(t)=—-2-7n-f-C- ;P

o sin(2-7-f-t) (2.5)

From (2.5) it is clear that the minimum bias current needed in the amplifier
to drive the load throughout the complete cycle is 7 *f*C*V pp. In reality
a slightly higher current is needed for biasing than what is delivered to
the load. Steering 100% of the bias current into the load from the active
circuits in the amplifier during operation would lead to unwanted distortion
phenomenon. Current efficiency, Iroap/Ipp, is defined by n;. Bias current
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in the amplifier is 1/n; higher than the maximum amplitude dictated by
(2.5). The expression is shown by (2.6).
7 f-C-Vpp
Ipp=——"——"-—"—- (2.6)
n;

Power consumption in the amplifier in Fig. 2.2 is equal to supply voltage
multiplied by the average current, see (2.7). Average current is given by
(2.6) because this current is close to constant independent if it is delivered
to the load or simple flowing through the output stage to ground.

Vpp w-f-C-Vpp

Ny 1z

P:VDD‘IDD: (27)
This result matches perfectly Ytterdal and Wulff in [54]. An ideal amplifier
handling a typical ultrasound signal with Vpp=3.3Vpp, f=3MHz and a load
of 1pF would consume 100 W assuming n, = 1 and n; = 1.

Dynamic Range

Accumulated noise at the output node due to finite output resistance of the
driver is given by (2.8), see [56] for details.

k-T

Unoise_-rms — - (2-8)

C

In (2.8), k is the Boltzmann constant and T is absolute temperature. Max-
imum rms output signal is given by (2.9).

y _ Vpp
signal_-rms — /=
2v/2

By first inserting (2.8) and (2.9) into (2.2), then inserting (2.7) into the
resulting expression, we get an expression containing DR, P and BW. Then
solving this expression with respect to P/(DR?*BW), we find a solution for
the figure of merit defined in (2.3). The result is shown in (2.10).

(2.9)

kT
rom = &k T (2.10)
g - Ny
Because of the definition of DR in (2.2), we find that the figure of merit
deviates with a factor of 2 from the results presented in [54]. Assuming 100%
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current- and voltage efficiency, the minimum amount of energy needed to
drive a single pole is equal to 1.04e-19J at room temperature. This is twice
as much as predicted by [54]. Note also that the expression only contains
fundamental physical quantities. In the ideal case, the energy needed to
drive a single pole is independent of signal amplitude and load conditions.

2.1.2 Dynamic Range in VGAs

Varying the gain of amplifiers is an effective way of increasing dynamic
range. As gain is decreased, the amplifier can accept higher signals without
going into saturation. At the same time, noise level is normally increased.
The ratio between absolute maximum signal and absolute minimum signal
is defined as dynamic range. Maximum signal can be handled at the lowest
gain setting and minimum noise is present at the highest gain Based on this,
we define dynamic range for VGAs as shown in (2.11).

max (Vrars)
min (noisernrs)

DR = (2.11)

The instantaneous ratio of signal and noise in VGAs is labeled signal-to-
noise-ratio, SNR, and is defined by (2.12).

Vmax_rus (gain)

SNR(gain) =
(gain) noisernrs (gain)

(2.12)

For VGAs, DR is then always higher than SNR. To have decent contrast
in the ultrasonic image, a minimum SNR must be present at any depth or
at any gain setting. E. Brunner indicated in [57] that instantaneous SNR
should be in the 60dB range. Because of the differentiation of DR and SNR
in VGAs, FOM as defined by (2.3) must be used cautiously when evaluating
amplifier performance.

2.1.3 Previously Published VGA Concepts

Several VGA concepts have been published over the last 40 years. In most
of the cases they can be put into the four categories described below and
shown in Fig. 2.3, Fig. 2.4, Fig. 2.5 and Fig. 2.6.

e Circuits in category 1 vary the degeneration impedance of a differential
pair and/or the bias current or bias voltage of the input stage.
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e Circuits in category 2 attenuate the output by steering the informa-
tion signal out of the signal path and away from the output (current-
steering) or reduce the output signal by subtracting a weighted version
of the inverted signal from the output (cross-coupled). The cross-
coupled architecture is indicated by the dotted lines.

e Circuits in category 3 achieve gain-control by varying the trans-conductance
ratio of the input stage and the diode-connected shunt circuit.

e Circuits in category 4 either controls the feedback factor or the amount
of signal fed into the amplifier.

lout- lout+

Vine o—I I——o Vin

(A

Verre 0 f(Verre) —\—

o o

Fig. 2.3: Category 1: Trans-conductance adjustment

A thorough study of the publications available in the IEEE database
was carried out. The circuits are given a comment in the sections below.
Only a few circuits operating in the GHz-range are included. These cir-
cuits are typically not very interesting for medical ultrasound application
mainly because they use inductors to achieve proper performance. In VLSI
circuits for medical ultrasound, there is no space available for such com-
ponents. From the paper-study, important performance parameters were
recorded. FOM versus dynamic range was produced. Signal-to-noise-ratio
at maximum and minimum gain is also plotted versus power consumption.
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Fig. 2.4: Category 2: Current-steering / signal-summing including cross-
coupled current-steering (indicated by the dotted lines)
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Fig. 2.5: Category 3: Trans-conductance ratio topology
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VOUT

Fig. 2.6: Category 4: Feedback adjustment

Publications similar to the solutions proposed in this thesis are highlighted.

An indication of the category is given.

2009

2008

In [8] from 2009, Elwan, Tekin and Pedrotti introduce a technique
gradually changing the feedback network in a small unit element from
one impedance-level, R;, to a second impedance level, R;||R2 (Cate-
gory 4). Several such unit elements are connected in parallel to con-
struct a highly linear wide-range trim mechanism and a wide gain
range.

In [9] from 2009, Zheng, Yan and Xu present a VGA constructed from
the cascade of three degenerated differential pairs (Category 1). Offset
is cancelled using a I/Q tuning loop.

The AD600-series, [10], from Analog Devices uses the X-AMP tech-
nique, [58]. The X-AMP is based on a resistive ladder at the in-
put of the circuit with highly linear interpolation modules connected
in-between the discrete attenuation levels (Category 4). Continuous
linear-in-dB gain control is achieved.



48 Figure of Merit for Analog Modules

2007

e Azevedo, Fortez, Vaz and Rosario present a dual band CMOS VGA
n [11] from 2007. The degeneration resistor is controlled by a 6-bit
DAC (Category 1).

e The current-steering technique is implemented in a 0.18um-CMOS-
process by Fu and Luong in [12]. The intended application is UWB
receivers. The differential currents from the input stage can be steered
from positive to negative output and vice verse through a set of two
cross-coupled cascode transistors (Category 2).

e In [13] Lee, Lee and Hong describe a VGA-circuit featuring a con-
trol voltage generator with a new method to setup the exponential
function. Variable gain is achieved by controlling the gate voltage
of cascade transistors. The effective trans-conductance of the input
stage is varied because it is operating in the triode region (Category
1). The tail current is kept constant. The complete circuit consists of
three offset-cancelled VGA-cells in cascade. A fixed gain amplifier is
connected at the output.

2006

e A VGA with programmable gain and bandwidth is proposed by Tsou,
Li and Huang in [14]. A R-2R ladder at the input of the amplifier is
combined with a switched series-resistor to implement coarse and fine
gain adjustment respectively. To achieve programmable bandwidth,
the compensation network is also switched (similar to X-amp concept,
category 4).

e A VGA with switched degeneration- and load-resistors is presented by
D’Amico, Matteis and Baschirotto in [15] (Category 1). The circuit
is intended used in multi-standard receivers covering WLAN, UMTS,
GSM and Bluetooth. It has four discrete gain levels.

e A VGA with a variable source-feedback is presented by Masud, Zirath
and Kelly in [16] (Category 1). The design is intended used in RF
applications.
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2005

e In [17], Carrara and Palmisano introduce additional, cross-coupled
transistors in the differential input stage. Two extra transistors with
floating and shorted emitters have their collectors connected to the
opposite output. The authors claim that the parasitic path present
in the classical differential pair during low gain settings, is effectively
cancelled using cross-coupling. Overall gain is controlled adjusting the
bias current (Category 1).

e In [18], Duong, Quan and Lee present a VGA built from a differential
pair connected in parallel with a diode-connected load. Current in
both the load and in the input pair can be continuously adjusted.
Overall gain is given by the ratio of the trans-conductance in these
two branches. Noise performance is not reported (Category 3).

2004

e A variable, resistive degenerated differential pair is used in the UMTS
receiver presented by Gatta, Manstretta, Rossi and Svelto in [19] (Cat-
egory 1). The VGA is used in a complete UMTS front-end system con-
sisting of LNA, mixers, VCO and VGA. The VGA also incorporates
offset cancellation.

2003

e A circuit operating the input stage in the triode region is described
by Kwon, Kim, Song and Cho in [20]. Variable gain is achieved by
adjusting the drain-source voltage and the bias current of the input
stage (Category 1).

e Hsu and Wu presents a circuit using switched resistors in the voltage
to current conversion network at the input of a current amplifier to
realize gain control, [21] (Category 4). A very nice overview of VGA
topologies is given in the introduction of the paper. Super-source
followers are used to provide high input impedance.

2002

e In [22], Yamaji, Kanou and Itakura control the current flowing through
the CMOS differential input-pair (Category 1). The input stage is di-
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2000

mensioned and biased to operate in the sub-threshold region. In this
region, g, is proportional to current. A master/slave technique is also
included to have indirect feedback for stabilization over temperature.

Koh, Youn and Yu propose a method using the cascode-transistor
in an active feedback configuration to achieve switched gain, see [23]
(Category 4). The proposed circuit does not contain continuous gain
adjustment. Gain can only be switches between three different levels.
In one of the settings, the amplifier is configured to have fixed, but
active feedback. Because of this, the circuit is a subset of the method
proposed by the author in [60]. Only simulation results are presented.

Watanabe, Otaka, Ashida and Itakura propose gain compensation
techniques to be used with signal-summing VGAs in [24] (Category
2). The techniques compensates for the gain-slope change in MOS-
FETs when going from square-law region to exponential-law region.
A control signal converter used to increase gain in the higher gain re-
gion is also proposed. The temperature dependent trans-conductance
is compensated by adding a second VGA stage with a temperature
dependent control signal.

A switched capacitor VGA using positive feedback in addition to neg-

ative feedback to generate an exponential gain control is presented in

the paper from 2002 by Fujimoto, Akada, Ogawa, lizuka and Miyamoto,
see [25] (Category 4). The VGA is intended used in CCD image sensor

applications. The authors point out that the introduction of positive

feedback reduces power consumption and increases bandwidth when

comparing with Harjani’s paper from 1995, [39]. The use of positive

feedback effectively increases the feedback factor. A similar idea was

utilized in the continuous time circuit proposed by the author in [61]

and [62].

e In [26], Otaka, Takemura and Tanimotot utilize the signal summing

VGA first introduced by Salomon and Davis in 1968, [42] (Category
2). Otaka et. al. focus on stabilization of operation over temperature.
A control signal converter referred to as a CSC, is also proposed.
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e In [27], Mangelsdorf presents a circuit based on the diode-connected
topology (category 3). The input stage is linearized using a second
set of transistors in parallel.

e In [28], Green and Joshi present a circuit biasing the input stage in the
triode region. Gain is adjusted by changing the drain-source voltage
(Category 1).

e A circuit sensing the output signal in the current domain is fed back to
the input through a current division network in the circuit presented
by Elwan and Ismail in [29] (Category 4). Divisor size is controlled
digitally with a six-bit word. Exponential gain control is realized using
an implementation of the pseudo-exponential polynomial.

e The same current-steering technique proposed by Davis and Salomon
is also utilized in the design presented by Sacchi, Bietti, Gatta, Svelto
and Castello in [30] (Category 2). Maximum input signal is indepen-
dent of gain due to the high input impedance and the lack of feedback.
The circuit is able to attenuate the output down to zero.

1998

e Motamed, Hwang and Ismail describe a VGA circuit in [32] that uti-
lizes a pseudo exponential current to voltage converter, an analog
multiplier and an output stage (Category 1). The pseudo exponential
converter is implemented using two back-to-back connected current
mirrors. The authors claim that this circuit exhibits extremely good
exponential characteristics. The multiplier is implemented using a
square-law composite transistor.

e In [33] Huang, Chiou and Wang present a VGA-circuit using diode-
connected loads (Category 3).

e In [34] Tadjpour, Behbahani and Abidi present a circuit built from a
hybrid of a degenerated differential pair and an R-2R ladder on the
input (mix of category 1 and category 4).

1997

e In [35], Sahota and Persico present an amplifier for CDMA applica-
tions using a variable degenerated differential pair succeeded by two
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1996

1995

1974

variable current amplifiers (Category 1).

In [36], Lieshout and van de Plassche present a solution connecting
several differential pairs in parallel, each offset by a small controllable
voltage. When all offset voltages are the same, gain is at maximum.
The authors report that when the offset is equidistant in the range
40mV to 60mV, gain is at its minimum. The technique is referred to
as differential-pair-transfer-summing (mix of category 1 and category
2).

e In [37], Rijns presents a differential input, single ended output VGA

for high frequency video applications. The circuit is based upon a
3-bit programmable gain circuit using a R-2R ladder to degenerate
the differential pair (Category 1). Degenerated gain is boosted using
grounded gm-amplifiers in each tapping. The technique is also referred
to as trans-conductance enhancement. Noise performance is poorly
reported, making the FOM calculation somewhat uncertain.

e In [38] Nishikawa and Tokumitsu use a circuit that is a subset of the

concept presented in this thesis. A common drain FET, referred to
as a CDF, is connected in the feedback circuit to control the feedback
factor of a MESFET (Category 4). The common drain FET is a high
input-, low output impedance module with fundamental equivalent
properties compared to the trans-conductance cell used in [60], [61]
and [62]. Unfortunately, power consumption is not reported making
calculation of FOM as described in section 2.1 impossible.

In [39], Harjani presents a VGA adjusting open loop gain of a differ-
ential pair by adjusting the bias current (Category 1). Harjani claim
that 25dB of gain variation is possible with two stages in cascade.
Only simulation results are presented.

e Sansen and Meyer propose a circuit called the improved automatic-

gain control amplifier in their paper from 1974, see [40]. The authors
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recognize that to have low distortion, high dynamic range and flat
transfer characteristics, different currents must flow in the differential
input pair and the quads. The differential pair should have a high cur-
rent while the quad should have low current. Additional current paths
were added to the Davis/Solomon design to achieve this (Category 2).

1968

e In 1968, Davis and Solomon introduced the current-steering-technique
(Category 2). A double differential current divider is driven by a
differential input stage. Several of the above listed circuits are based
on the Davis/Solomon topology or use derivations of this circuit, see
eg. [42].

FOM Mapping of Published VGAs

The VGAs with enough performance parameters reported to enable calcu-
lation of FOM as defined in (2.3) is mapped below in Fig. 2.7. The following
assumptions were used during evaluation of FOM.

e If the circuit contains attenuation, care is taken to evaluate if satu-
ration happens at input or output to use correct value for maximum
swing.

e Often, maximum swing is not reported. Supply level is then used
to calculate maximum amplitude level. Unless rail-to-rail behavior is
explicitly stated, we assume only half supply level to be useful®.

e If noise level is presented only as noise figure and source impedance is
not explicitly stated, a 502 source is assumed.

e The equivalent noise bandwidth, NBW, used during calculation of dy-
namic range assumes low-pass, one dominant pole behavior. Reported
3dB-frequency is then multiplied by 1.57.

NF is defined as ratio between total noise, €47, and noise from source,
€source, I the same node, see (2.13), [59].

2

NF =10-log 10 (‘;“al) (2.13)
source

3For early publications, this assumption is probably not fair due to potential high
power supply level.
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Equation (2.13) is most often used either at the input node or the output
node of a circuit. The equation is valid in both cases. Assuming a circuit
with voltage gain, GG, and source impedance, Rg, total noise at the output
can be calculated, see (2.14). This equation can also be used to calculated
noise at the input assuming G' = 1.

Ctotal = \/10(75) - (10(%)\/4 kT RS>2 (2.14)

When signal levels are expressed in dBm, conversion to voltage or current

was done assuming 50ohm source or load. The relationship between power
expressed in dBm, rms voltage and impedance is described by (2.15).

()
AP.R) =\ 1?000 ‘R (2.15)

A is the rms voltage amplitude, P is the power in dBm and R is the

impedance in ohm. 0dBm is equal to 22/m Vrms.
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Fig. 2.7: Comparison of FOM for referenced circuits and the designs pre-
sented in this thesis

In Fig. 2.7 we see that circuits with higher dynamic range more easily
achieves better FOM. Performance of the circuits presented in this is com-
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parable to several already published circuits when looking at Fig. 2.7 only.
Though, in Fig. 2.7 the absolute power consumption is masked. As men-
tioned earlier, for a high number of transducer element, a maximum level for
power consumption exists. Performance is re-plotted in Fig. 2.8 explicitly
displaying SNR at maximum and minimum gain versus power consumption.

T
Input SNR, Min Gain
[14] Input SNR, Max Gain
[8]

o 25 [30] [36]
10 [1[9321 [25] 18] [21] _— [34] [26] [35]
1] [13][12] [28]

[50;

10" g [22]

Input Signal Amplitude [Vrms]

10" I I I I I I I |
0 5 10 15 20 25 30 35 40 45

Power Consumption [mW]

Fig. 2.8: Signal to noise ratio at maximum and minimum gain versus power
consumption

Maximum and minimum signal- and noise level at both maximum and
minimum gain are in many publications not reported. In publications were
one or more number is missing, the bar is shaded and given a fixed length.
In Fig. 2.8 the y-axis is logarithmic making it easy to get an idea of the
SNR. One division is equal to 20dB.

From Fig. 2.8 we draw the conclusion most of the referenced publications
could not be used directly in medical ultrasound imaging applications. If
Brunner’s statement in [57] is correct, approximately 60dB instantaneous
SNR is required at any gain setting. A few circuits report relatively good
performance at both gain levels, see [9], [11], [28] and [36]. Overall power
consumption is though relatively high.
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Chapter 3

Research Overview

3.1 Research Background

It is believed that future generation ultrasound imaging systems will move
more and more electronics into the probe handle. The reason for this is
that the number of transducer elements will increase dramatically when
going from traditional 2D imaging to 3D /4D imaging. This is because one
or two rows of transducer elements will be extended into a full matrix of
elements. To avoid loosing information from the elements, it is believed
that all, or part of the beamforming, must be executed inside the handle.
Beamforming is a well-known signal processing technique that is used both
with radio and sound waves. The purpose of beamforming is to change
the direction of a sensor-array utilizing interference, [1|. Beamforming of N
channels is described by

N

T’RF(t) = ZAZ(t) . Si(t - Ti) (31)

i=1

In (3.1), N channels are added together. Each channel is given a time-
variant gain, A;(t). This is done both to optimize noise figure, NF, and
to shape the beam-profile. Time-variant gain is necessary because of the
high dynamic range of ultrasonic waves echoed from tissue. Attenuation
in human tissue is known and gain can be scaled accordingly as a function
of time. Time variant gain is often referred to as time-gain-compensation,
TGO, in ultrasonic imaging systems. To account for the difference in trav-
elling length to and from a specific point of interest, each signal from each

o7
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channel, s;(t) is also given an individual delay, 7;. Constructive interference
can is then created in the direction of interest.

3.2 Research Summary

The goal of the research presented in this thesis is to find power efficient
solutions to the building blocks needed to implement (3.1). All findings
and results are summarized in seven papers. The relationship between the
papers is shown in Fig. 3.1. During the research two main paths were
followed. The first one focused on design of channel-specific delay using log-
domain all-pass filters. Results from this are found in paper 4, paper 5 and
partly in paper 6. The second path focused on design of TGC amplifiers.
Results from this are found in paper 1, paper 2 and paper 3. Two papers
were written on the design of a complete micro-beamformer. These results
are found in paper 6 and paper 7.

Paper 1, 2, 4, 5, 6 and 7 have been published. Paper 3 has been sub-
mitted for publication.

Paper 1 Paper 4

A Low-Power Method Adding A Low Power, Extended Dynamic
Continuous Range, Fully Differential, Class AB,
Variable Gain to Amplifiers Log-Domain Allpass Filter
Paper 5

Paper 2 /\\4 /—\ ) _—

. N High Dynamic Range Preconditioning
A Dynamic Range Boosted, | ()= » 4,(1)-5;(t=7,) | Circit with Noise Cancellation for Fully

-1

Low-Power Method Adding
Continuous Variable Gain to
Ampliers

i

Differential, Class AB Log-Domain
Filters

Paper 6
A Log-Domain microBeamformer for
Medical Ultrasound Imaging Systems

Paper 3
Continuous Variable Gain
Ampliers for Medical
Ultrasound Applications

Paper 7
SCREAM - A Discrete Time
microBeamformer for CMUT Arrays

Fig. 3.1: Research overview and how the contributions relate to each other

The format of the papers are slightly changed to better fit this thesis.
Apart from cosmetic changes and the fixing of minor typos, each paper is
identical to their originals. A reference to the papers can be found in the
reference list, see [60], [61], [62], [63], [64], [65], [66].
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3.2.1 Time Gain Control Amplifiers

The concept of time gain compensation is shown in Fig. 3.2. The classical
amplifier model using one forward path and one feedback path is shown in
the left part. The time dependant feedback factor, 3(t), illustrates the focus
of our research. In Fig. 3.2, A is open loop gain.

Gain Control Signal

1
08
06
04
02
3
(3 CRETIT] B a0 45 %0

EIE )
Time [us]
Amplifier Output Signal

1
08
o
0!
4
o 5 w0 s I a0 45 %

0w
Time [us]

Vin(t) Vourl(t)

Amplitude

Amplitude

B(t)

T Verre(t)

Fig. 3.2: TGC concept. Left: classical amplifier model. Right: typical
signal signatures

The right part of Fig. 3.2 shows the output signal, Voyr(t), versus
time when gain is adjusted from minimum to maximum. The input sig-
nal, Vyn(t), is held constant while the control signal, Vorgr(t), is adjusted
from maximum to minimum. The control signal Vorrr(t) is shown in the
upper part and the output signal Voyr(t) is shown in the lower part. The
main challenges when designing low-noise, low power TGC amplifiers are
listed below.

e Noise.

— Noise must be kept at an absolute minimum. The level is dic-
tated by fundamental physics and is inverse proportional to the
power consumption. Any added circuitry intended used for gain
adjustment will add noise to the design deteriorating dynamic
range and sensitivity.

e Power Consumption

— Power Consumption per amplifier must be kept as low as possible
because the final system will consist of thousands of amplifiers
placed next to each other in a matrix. Maximum temperature
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allowed in equipment to be placed on a patient is well defined
and dictates the total power budget.

e Dynamic Range

— Dynamic Range necessary in medical ultrasound applications is
typically very high. Depending on available power, intended im-
age quality, frequency range and application it is most often
higher 100dB. Dynamic range is expensive in terms of power.
TBC

e Harmonic Distortion

— Octave imaging is a technique where energy is transmitted on the
fundamental frequency fp and the image is constructed based on
the echoes from 2 * f;. This requires the harmonic distortion
in the modules involved in the receive beamforming to have low
second harmonic distortion. This is especially important in car-
diology where octave imaging is more or less default.

o Area

— The high number of transducer elements necessary to do 3D /4D
imaging limits the available area to be used for each LNA.

Paper 1: A Low-Power Method Adding Continuous Variable Gain
to Amplifiers

This paper presents the idea how to add gain adjustment to a fixed gain, low-
power, low-noise amplifier. A physical implementation together with bench-
measurements is demonstrated. The fixed gain amplifier used is a charge
sensitive, common source, trans-impedance amplifier. Gain adjustment is
added by connecting a trans-conductance cell to the fixed gain circuit. A
dynamic range of 58dB over 20MHz bandwidth is achieved consuming 1mW.
The proposed technique adds 12dB of gain adjustment ad the cost of ImW.
In total, the circuit can handle 70dB dynamic range, over a bandwidth of
20MHz consuming 2mW.



3.2. Research Summary 61

Paper 2: A Dynamic Range Boosted, Low-Power Method Adding
Continuous Variable Gain to Amplifiers

Paper 2 proposes a method for minimizing the main weakness of the solution
presented in paper 1. Large attenuation levels require a large control range
for #. This is expensive in terms of power consumption. In paper 2, positive
feedback is added to the adjustable feedback loop to make the module more
efficient. A theoretical analysis is presented. The paper concludes that a
linear control of gain down to 0dB is possible by linearly increasing power
consumption.

Paper 3: Continuous Variable Gain Amplifiers for Medical Ultra-
sound Applications

Paper 3 analyses the fundamental theory presented in paper 2 in more detail
and proposes a design solution. An implementation in a 0.35um process is
demonstrated. Measurement results are presented. A trans-conductance-
cell is used as the main building block in the adjustable feedback path. The
output signal from the fixed gain amplifier is converted into the current do-
main and added with a copy of the output of the trans-conductance-cell in
a simple, one stage trans-impedance amplifier. It is the signal from the out-
put of the trans-conductor fed back into the control circuitry that represents
the positive feedback. 15dB gain compensation is demonstrated consuming
1.1mW extra power. Necessary trans-conductance in the adjustable mod-
ules is 30uS. This is a reduction of 10dB compared to the solution in paper
1.

3.2.2 Delay Cells Using Allpass Filters

Assuming a narrow band system, delay can be constructed using allpass
filters. An allpass filter is a filter with unity gain and a defined phase shift
in the pass-band, see [67] and [68] for details. A first order allpass filter is
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described by (3.2).!

1—j-2-m-f-7
H =

(£) 1+j7-2-7-f-7

In (3.2) f is frequency, 7 is the time constant of the filter and j is the

(3.2)

imaginary unit. Because the distance from the imaginary axis to the pole
in the left half-plane matches perfectly the distance to the zero in the right-
half plane, magnitude response is equal to one at any frequency. Any real
implementation will of course have a roll-off at higher frequencies due to
parasitic capacitance. By the rules of complex number multiplication, the
phase response of (3.2) is found by subtracting the phase of the numerator
by the phase of the denominator. The result is shown in (3.3) and expresses
the phase shift in radians experienced by each sinusoidal component of the
input signal.

o(f)=—-2-arctan(2-7- f - 7) (3.3)

From the phase shift equation, delay in seconds for a sinusoidal can be
calculated. Depending on the application, several definitions for delay exist.
The most commonly used terms are phase-delay and group delay. Phase-
delay, P(f), is defined in (3.4).

p(p =2 _eU) g (3.4)

Phase-delay is measured in seconds. Absolute phase-shift, ¢(f), at a given
frequency, f, is divided by one cycle, 2m, to get the waveform-shift in frac-
tions of a wavelength. The result is then multiplied by the period to find
the delay for that specific frequency in seconds.

When processing broadband signals containing a collection of frequen-
cies, group delay is often used to describe the transit time through the filter.
Group delay, D(f), is defined as the derivative of phase, ¢ (f), with respect
to frequency, see (3.5).

B 1 dp(f) B 2T
D(f) =5 R e (3.5)

!Based upon the implementation, the sign of the magnitude response is easily changed.
Typically an operational amplifier with the input signal connected both to the inverting
and non-inverting input through passive networks, will change output polarity by using
either a low-pass filter at the positive input or a high-pass filter at the positive input.
Details and examples can be found in [67]. An example using a low-pass filter is shown
in Fig. 3.3.
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It can be shown that group delay describes the delay of the amplitude
envelope of a narrow-band collection of signals, see [68]. For this to be true,
the bandwidth of the signal must be limited to a range where the phase
response is approximately linear.

A simple example of an allpass-filter-implementation using an op-amp is
shown in Fig. 3.3. The circuit in Fig. 3.3 is described by equation (3.2) and
(3.3). Delays in the tens of nano-second range, is what we are aiming for
when building medical ultrasound imaging beamformers. When the phase
response is linear, the group delay is equal to phase delay. This is recognized
in the low- and high frequency range in Fig. 3.3.

R
—
 S—

VIN @— R — VOUT

Fig. 3.3: Simple allpass filter implementation

Magnitude response, phase response and phase- and group-delay versus
frequency is shown in Fig. 3.4. In the example, we assume R=100kohm and
C=1pF. The time-constant, 7, in this case is 10us.

Paper 4: A Low Power, Extended Dynamic Range, Fully Differ-
ential, Class AB, Log-Domain Allpass Filter

This paper presents an allpass filter intended used as a delay cell in a 3D /4D
ultrasound micro-beamformer. In the paper, the allpass filter is built based
upon a rewritten version of the transfer-function equation. It is shown that
allpass filtering of a signal is equal to low-pass-filtering of the signal multi-
plied by two minus the signal itself. Because the signals are already in the
current domain, the circuit implementation, and especially the subtraction,
is very effective. To minimize power consumption and to avoid internal
nodes from moving outside their normal operating conditions, the input
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signal must be preconditioned to be strictly positive. The trans-linear cir-
cuit presented in paper 5 is inserted in front of the allpass filter. Overall
dynamic range is found to be 48dB at a power consumption of 1mW.

Paper 5: High Dynamic Range Preconditioning Circuit with Noise
Cancellation for Fully Differential, Class AB Log-Domain Filters

Paper 5 proposes a preconditioning circuit to be used to shape the input
signal connected to differential, class AB log-domain filters. The precon-
ditioning circuit is based on a trans-linear circuit generating the geometric
mean of a signal. The Gilbert multiplier used in the circuit core is well
known and presented in [69]. In the proposed architecture, two such multi-
pliers are slightly modified and cross-connected. The dynamic range of the
resulting circuit is increased both because it handles higher input swing but
also because noise cancellation is carried out.

Paper 6: A Log-Domain pgBeamformer for Medical Ultrasound
Imaging Systems

Paper 6 describes a micro-beamformer with four inputs and four delay levels.
The micro-beamformer is constructed using the log-domain preconditioning
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circuit and the log-domain allpass filter described in paper 4 and paper
5. To achieve four delay levels, three allpass filters are connected in cas-
cade. Each input has its own preconditioning module. The presented design
achieves 50dB dynamic range at a power consumption of 3.2mW. The most
severe limitations of the presented topology are the dynamic range reduc-
tion through the cascade of allpass filters, the narrow band operating range
and the delay dependant noise levels. When using a cascade of filters as pre-
sented in the paper, lower dynamic range and higher noise figure is obtained
for higher delay levels. The range of linear phase is also very limited due to
the use of a single allpass filter to delay the echoed signals. Performance is
expected to be very limited due to this. Because of these disadvantages, a
prototype was not built. Signal dependant noise levels due to the class AB
architecture is also considered a concern. The gain in power consumption
due to the dynamic basing is though very interesting.

Paper 7: SCREAM - A Discrete Time yBeamformer for CMUT
Arrays

Paper 7 presents a systemC model of a discrete time micro-beamformer.
An extension to systemC known as AEC is used to build the system. AEC
is an abbreviation for analog extension class. This class is developed at
NTNU. Models for TGC preamplifiers, the delay-cells, the delay-line and
the summation nodes were constructed. The effect of gain-mismatch and
jitter was studied. A micro-beamformer consisting of 16 inputs connected
to a ring-buffer-shaped delay-line were demonstrated. It is shown how the
beamformer delays the individual signals and add them in-phase to increase
the output amplitude.

3.2.3 Clarification of Contributions

Paper 1 is co-authored by @Qyvind Birkenes and Christian Eichrodt. During
2004 T had an idea how to add power efficient, low-noise gain adjustment
circuits to low-noise amplifiers. Both @yvind and Christian are experienced
senior engineers and assisted in the implementation and refinement of the
fundamental ideas. We worked close and intensively together during im-
plementation. The design was a success on the first spin. On the paper,
@yvind and Christian functioned as discussion partners and reviewers.

I am the only author of paper 2. During design of the circuit presented
in paper 1, a very severe limitation was discovered. An idea how to fix the
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limitation was developed and elaborated in paper 2.

Paper 3 is co-authored by Giulio Ricotti. Giulio enabled the implemen-
tation of the ideas presented in paper 2. Giulio provided valuable questions
and worked as a great discussion partner during the design.

Paper 4 and 5 are co-authored by Werner Luzi. Frequent discussions
and brainstorming-sessions between the authors resulted in the presented
topologies during summer of 2002. The circuit-solutions were worked out
jointly in this period. Luzi was assigned new tasks by the end of the summer.
At this point I spent the next year at the university studying and document-
ing theories related to our results. This resulted in the two publication of
the two papers.

Paper 6 focuses on the same topic, though building a system from the
single building blocks. This paper is co-authored also by Professor Tor
Sverre Lande. Due to his long experience in academia, Lande acted as a
very valuable discussion partner and reviewer during the writing process.
We believe that the quality of the paper was increased significantly due to
his role.

Paper 7 is co-authored by Trond Ytterdal, Linga Cenkeramaddi and
Arne Rgnnekleiv. During 2005 we had a project running at the university
focusing on CMUT design and analysis. Linga wrote the jitter analysis
section of the paper. Both Trond and Arne provided valuable information
and background theory for the paper.
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4.1 Abstract

A method adding continuous gain control to high performance amplifiers is
suggested. Any high performance, fixed gain amplifier can adopt the pro-
posed method without deteriorating the performance of the core amplifier.
The method is based on the idea of introducing an additional, adjustable
feedback path in parallel with a fixed feedback path. The additional, ad-
justable feedback path can be an active feedback cell compatible with the
amplifier architecture used. A low noise trans-impedance amplifier would for
example require an additional adjustable trans-conductance cell with proper
phase characteristics in parallel with the fixed feedback element used. By
making the feedback factor of the adjustable feedback path proportional to
the power consumption, extra power is only consumed when gain reduction
is necessary. This feature is especially valuable in applications were gain re-
duction is necessary for a short period of time. One application having this
feature is medical ultrasound imaging. The proposed method was originally
developed for real-time 3D ultrasound imaging but is compatible with all
systems requiring continuous gain control.

A prototype circuit was designed were the dynamic range was increased
12dB for an amplifier having 58dB SNR over a bandwidth of 20MHz with
a peak penalty of /6% increase in the power consumption from 412uW to
663uW. The prototype amplifier was design to work at frequencies in the
low MHz range.

Index Terms—Gain compensation, gain control, low power, variable
gain amplifiers, ultrasound front-end.

4.2 Introduction

Dynamic range (DR) is expensive in terms of power consumption. A certain
amount of DR will for an ideal circuit solution require a minimum amount
of power as derived by [1]. Any real circuit implementations aiming for
a given DR will always consume more power than what this fundamen-
tal limit dictates. The pressure of introducing handheld, portable or even
wireless versions of available products is constantly increasing. The power
consumption in such equipment must continuously be reduced while the
performance must be kept constant or even increased. If batteries are used,
better utilization is desirable and the number of recharging cycles needs to
be reduced. Due to these aspects, low power, high dynamic range design is
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more important then ever before.

Adding variable gain to amplifiers is one way of increasing DR of a sys-
tem. Several successful implementations of variable gain amplifiers (VGAs)
and the more general signal multipliers have been demonstrated through-
out time, [2]-[7]. This paper demonstrates a general method adding variable
gain to amplifiers keeping the power consumption low and the performance
high, [8]. We define signal to noise ratio, SNR, as the ratio between the
weakest and the strongest signal present simultaneously. DR is defined as
the ratio between the weakest and the strongest signal a module can cope
with though not necessarily at the same time. The situation is shown in
Figure 4.1.

A variable gain amplifier will have a DR that is higher than the SNR.
As the gain is reduced, the amplifier will be able to handle higher input
swing at the penalty of high noise level.

DR vs SNR
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Figure 4.1: Definition of dynamic range and signal to noise ratio

4.3 Low Noise Amplifiers

Low noise amplifier design has been studied for centuries. A single transistor
common source amplifier as shown in Figure 4.2a, is most often chosen as
the main building block in low power, low noise systems, [9]-[10].
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Figure 4.2: (a) Open loop configuration of a common source low noise am-
plifier (b) closed loop charge sensitive, trans-impedance amplifier

The three basic amplifier configurations common source, common drain
and common gate (or their bipolar counterparts) have very close to equal
noise properties if we look at the architectures individually. Though, a
preamplifier is always connected to a second stage, e.g. a second amplifier,
an analog to digital converter (ADC) or some other module. Unless the
source has perfect voltage source or current source properties, noise figure
will increase more than desired in the second stage if a common drain or
common gate amplifier is chosen. The main reason is that these amplifiers
do not have power amplification. Common source amplifier is the only con-
figuration that has both voltage gain and current gain. Because of this, the
low noise amplifier used in the design presented here is a cascode, common
source amplifier having an extra output buffer. Capacitive feedback is used
to eliminate the potential extra noise from the feedback components. This
architecture is well known and shown in Figure 4.2b. The design is done
in accordance with the guidelines given by [9] and [10]. The gain of the
amplifier is given by

_ —ZFB(S)
Zco(s) + ﬁ [ZrB(s) + Zoc(s)]

H(s) (4.1)

In (4.1) Zpp(s) is the impedance of the feedback component, Zcoc(s) is the
impedance of the input component and A(s) is the open loop gain of the
amplifier. Assuming the open loop gain, A(s), of the amplifier to be very
high, the closed loop gain of the amplifier is to a first degree independent
of frequency and given by —Ccc/Crp.
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4.4 Adding Variable Gain

As emphasized by [10], it is important to not forget that the purpose of an
amplifier is to transfer information with as high quality as possible from a
source to a load. Nine main amplifier configurations are defined based on
the impedance characteristics (all combinations of low, high and well defined
input and output impedances). The prototype designed in this paper was
constructed using a low input impedance, low output impedance amplifier,
i.e. a trans-impedance amplifier. Though, the proposed gain compensation
method is compatible with all possible amplifier architectures.

The proposed method is based on the idea of introducing an extra ad-
justable feedback loop in parallel with a fixed feedback loop. In general,
the additional feedback loop must be able to sink and source current or add
and subtract voltage at the input of the amplifier in-phase with the sampled
output signal. In a trans-impedance configuration, the additional feedback
loop must be capable of sinking and sourcing current in-phase with the cur-
rent flowing into Zoc. By doing this, the amount of current flowing through
Zrp would decrease and the output signal amplitude would decrease, ef-
fectively reducing gain. Higher gain could be implemented by changing the
polarity of the additional feedback signal.

Figure 4.3 shows four possible variable-gain implementations using a
trans-impedance amplifier as the core amplifier.

Corresponding architectures can be drawn for the eight other amplifier
configurations. In Figure 4.3, A(s) is the open-loop-gain of the amplifier,
B(s) is the fixed feedback factor, V2I is a voltage to current converter,
12V is an current to voltage converter, VCVS is an adjustable voltage con-
trolled voltage source, VCCS is an adjustable voltage controlled current
source, CCVYS is an adjustable current controlled voltage source and CCCS
is a current controlled current source. Of the four adjustable sources, the
VCCS is to the author’s knowledge among the easiest to implement. An
adjustable VCCS is by nature a tunable gm-cell. An adjustable CCCS can
be implemented using a Gilbert multiplier cell.

4.5 Design of a Variable Gain Amplifier

One way of minimizing overall noise in an amplifier is to use capacitors in
the feedback loop. Capacitances are by nature noise-free. High impedances
consuming an acceptable amount of die-area can be implemented without
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Figure 4.3: Four ways of adding variable gain to trans-impedance amplifiers
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deteriorating the noise properties of the overall amplifier. Though, if using
capacitors to set the fixed gain when constructing a variable gain ampli-
fier using the above described method, a phase-correction network must
be implemented in the voltage controlled current source. A pure voltage
controlled current source is equivalent to a resistor and would produce an
adjustable high-pass filter. To make a variable gain, charge sensitive ampli-
fier, the VCCS must fulfil (4.2).

iout(s) = 7 * f(ctrisignal) * vou(s) (4.2)

In (4.2) dout(s) is the output current of the VCCS, j is equal to /-1 de-
scribing phase, f(ctrisignal) is a function controlling the transfer function
of the VCCS and vyy(s) is the sampled amplifier output signal. Equation
(4.2) has the same format as an adjustable capacitor. This is intuitive. If
we look at the signal flow in the amplifier, the output voltage resulting from
the current flowing into Zrp will be 90 ° delayed with respect to the cur-
rent, i.e. the phase is negative. This voltage is sampled and the current
resulting from the sampled voltage needs to be phase shifted the opposite
way, given a positive phase, when injected at the amplifier input again to
be in-phase with the current flowing here. A circuit diagram of the variable
gain trans-impedance amplifier is shown in Figure 4.4.

In the prototype circuit the fixed gain was set to ~26dB using Co=
10pF and Crpp= 0.45pF. The gain compensation network was constructed
using R1 =360k, C1= 0.5pF, Ro= 100k}, Cac= 4pF, Coomp= 0.3pF
and Roonp= 100k). The effective trans-conductance of the gm-cell and
therefore also the overall gain of the circuit is controlled by an external
signal, ITynp. A resistively terminated gm-cell as presented by [12] was
used to build the trans-conductor. By changing the bias current of this
gm-cell from OpuA to 100uA the resulting gm changes from 0uS to 140uS.
An analytical analysis of the overall gain was carried out in Mathcad using
Kirchoffs current law at the input node. Due to the length of the expression,
only a plot of the result is presented in section 4.6.

4.5.1 Phase Correction

As stated by (4.2), the signal flowing from the output of the amplifier
through the adjustable feedback path and back to the input of the am-
plifiers must have positive phase shift properties. Coomp and Rocoymp as
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Figure 4.4: Principle sketch of the variable gain trans-impedance amplifier

shown in Figure 4.4 will advance the phase in the correct direction. Though,
completely correct phase is only present in the stop-band of this first or-
der RC-filter. Full compensation is therefore impossible using this simple
network alone.

To improve the phase characteristics the feedback components Ry, C;
and Ry were added to the gm-cell. The trans-impedance of the adjustable
feedback path, Z(f,GM), is found by and routine circuit analysis and is given
by (4.3).

a=GM - Ry Zac(f)[Zcomp(f) + Rcompl
b=GM - Ry Zac(f) [Zcomp(f) + Rcomp)
¢ = Zcomp(f)Ze(f) + Zac(f)]

d = Rcomp [Zi(f) + Zac(f)]
a+b+c+d

205, GM) = GM - Rcomp - Zi(f) (43)

In (4.3) Zac(s) is the impedance of Cac, Zcoamp(s) is the impedance of
Ccomp and Z(s) is the impedance of the parallel connection of C; and Rj.
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GM is controlled by an external current, ITyyg. The phase characteristics
and the equivalent capacitance are plotted in Figure 4.5 for three different
gm-values.

Equivalent Feedback Impedance as a Function of Frequency and GM
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Figure 4.5: Equivalent feedback impedance

A trans-conductance of 140uS leads to an equivalent capacitance of ~
4pF which again should give us approximately 12dB attenuation.

4.6 Simulations & Measurements

Simulations were carried out using Mathcad for initial calculations and ar-
chitecture evaluations. Silvaco-SmartSpice2.2.0.R and Cadence PSD14.2
(Capture CIS and PSpice AD) were used during design. A 0.85um CMOS
process with HRES option from AMS was used to construct the chip. Pho-
tography of the prototype-chip is shown in Figure 4.6.

A matrix of 64 variable gain amplifiers using the proposed method was
laid out on the prototype chip to evaluate performance. This matrix is high-
lighted on the plot. The theoretical transfer function is plotted together with
chip measurements in Figure 4.7. A simulated transient analysis is shown
in Figure 4.8 and corresponding measurements are shown in Figure 4.9.

When the adjustable feedback cell is turned off, spare charge from the
cell will be injected at the core amplifier input node disturbing the output
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Figure 4.6: Chip photography of the prototype

Frequency Response as a Function of Adjustable Feedback
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Figure 4.7: Simulated magnitude response of the variable gain amplifier.
Measurement at 3MHz is shown



4.6. Simulations & Measurements

87

Varying the Gain Dynamically
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Figure 4.9: Measurement of the dynamic behavior

Figure 4.8: Dynamically changing the gain of the trans-impedance amplifier
from ~ 13.5dB to 26dB over a period of 60us. Viy = 50mVpp, f = 3MHz
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level. This disturbance can be seen in Figure 4.8 in the time range 60us to
70us. The effect of the disturbance depends heavily on the nature of the
control signal. A continuous control signal will minimize the effect of charge
injection and move the energy out of band.

4.7 Conclusion

A low-power method adding variable gain to fixed gain amplifiers was pre-
sented. The method is compatible to all known amplifier architectures. The
main advantage of the method is that no extra power is consumed when gain
compensation is close to zero. The performance of the original fixed gain
amplifier, here referred to as the core amplifier, is also untouched when gain
compensation is zero. This feature is very attractive in applications were
gain compensation is necessary for a short duty cycle. A low-noise trans-
impedance amplifier was designed to prove the concept. Measurements show
that a gain compensation of 12dB was possible at 3MHz for an additional
peak power consumption of 251uW (equivalent to a 46% increase in power
consumption).
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5.1 Abstract

A low-power method increasing the adjustable gain range of continuous
variable gain amplifiers is presented. The method is an improvement of an
architecture using continuous adjustable feedback in parallel with a fixed
feedback path. This previous presented architecture suffers from the fact
that high attenuation levels require dramatic increase in additional power
consumption. The proposed method described in this paper avoids such a
severe increase in power at higher attenuation levels. The method is based
on the idea of introducing additional feedback in the gain controlling-loop of
the already present additional, adjustable feedback path that continuously
controls the gain. The nominal gain of 20dB at 3MHz of the core ampli-
fier is continuously adjusted down to 0dB. The estimated additional power
consumption is ImW.

5.2 Introduction

As the dimensions of modern process technologies scales down, the maxi-
mum allowable power supply is dramatically reduced. The nominal supply
voltage of a typical 0.35um process is 3.3V while it is 1.0-1.2V for 90nm.
Because of this, the design of amplifiers having a certain amount of dynamic
range is getting more and more difficult. Some applications, especially those
having a fair chance of estimating the signal amplitude, can get around this
problem by introducing variable gain. One application where this is possible
is medical ultrasound imaging. The method presented here was originally
developed for future generation ultrasound imaging, though the method is
compatible with all basic amplifier architectures and can be adopted by any
application. In medical ultrasound imaging, the signal echoes from the first
few centimeters of tissue to be imaged have much higher amplitude than
the echoes from deeper depths. Gain compensation as a function of time,
TGC, can be implemented with great advantage. This is a well established
technique in classical and commercial available ultrasound systems, see e.g.

[1].

5.3 Adding Variable Gain to Amplifiers

A method introducing an adjustable active feedback loop in parallel with a
passive feedback loop for gain control purposes was presented by the author
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Figure 5.1: (a) Block diagram of the adjustable, additional feedback, contin-
uous variable gain architecture, [2]-[3], (b) Implementation of the additional
feedback continuous variable gain architecture

in [2] and [3]. A high level, block diagram description of this architecture
is shown for reference in Figure 5.1a. Viy is the input signal, Voyr is the
output signal, A(s) is the open-loop gain, B(s) is the fixed feedback factor
and VCCS is the adjustable voltage controlled current source. A system-
level implementation is shown in Figure 5.1b. Overall gain as a function of
adjustable trans-conductance is found by inspection and is given by (5.1).

_ R-GAIN - Zin(f) + R+ Zrp(f) + Zin(f)
A(f)

Zrp(f)+ R

In (5.1), Zrp(f) is the fixed feedback impedance, R is a current measuring

D

H(f,GAIN) = —

(5.1)

resistor, Zyn(f) is the voltage to current converting impedance connected to
the input node, GAIN is the adjustable trans-conductance of the additional
feedback loop and A(f) is the open-loop gain. In Figure 5.1b the method
is added to a trans-impedance amplifier to prove the concept. Though, the
proposed architecture is compatible with any amplifier configuration (all
combinations of high, low and controlled input and output impedance as
described in [4]).

The architecture in Figure 5.1 suffers from the fact that a small increase
in attenuation requires more and more current as the absolute amount of
attenuation increases. The main reason for this is that the adjustable feed-
back loop measures the signal in the fixed feedback loop and multiplies this
with a constant to control the current in the adjustable feedback loop. As
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the attenuation increases, the current in the fixed path decreases requiring
an even higher multiplication constant to decrease the overall gain further.

Overall gain for this architecture as a function of trans-conductance is
plotted using circles in Figure 5.2.

Comparison of the Simple and the Boosted Architecture
10 T T T T T T T

RS ——#— Gain Boosted Architecture
—0— Simple Feedback Architecture

Overall Gain [linear]

1 I I I I !
0 20 40 60 80 100 120 140 160 180

Transconductance [uS]

Figure 5.2: Gain comparison of the simple additional adjustable feedback
architecture and the gain boosting architecture

In the following calculations, Zjy is chosen equal to 5k§2, Zrp is chosen
equal to 50K and R is chosen equal to 3k). The open-loop gain was given
one dominant pole at 1MHz and a DC gain of 46dB. This paper proposes
a way to avoid the f(z) = 1/x shape of overall gain as a function of current
in the additional feedback loop. The architecture is shown in Figure 5.3.

Overall gain is found by first using Kirchoffs current law at the input
node, see equation (5.2) and (5.3).

R-GMrp - Rsyy - GAIN
E=11 5.2
[ +(R-GMF-RSUM-GAIN—1)} (5:2)
1% v,

Z[N R+ZFB

From (5.2) and (5.3) we solve for Voyr/Vin to find the transfer-function,
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Figure 5.3: Gain Boosted, dual feedback continuous variable gain amplifier
architecture

see equation (5.4).

. Z[N+ZFB—|-R—GMF-RSUM'GAIN'R[ZFB"FR]
a A(f)

(Zrp+ R— GMp - Rsyy - GAIN - R[Zpp + R))
(Z[N + D)

By comparing (5.1) and (5.4) we see that overall gain is proportional to

D

H(f,GAIN) = — (5.4)

—~1/GAIN and —GAIN respectively assuming a very high open-loop gain.
The circuit in Figure 5.3 is based on the idea of re-using the signal flowing
in the adjustable feedback path for gain control purposes. In the original
architecture as presented in [3], the signal in the adjustable feedback path
increased as a function of the signal in the fixed feedback path only. In the
modified architecture, the amount of signal in the adjustable feedback path
increases as a function of signal in the fixed feedback path and as a function
of increasing signal in the adjustable feedback path. Overall gain for this
architecture as a function of trans-conductance is plotted with crosses in
Figure 5.2. Components common to both architectures are assigned equal
values during comparison. The fixed trans-conductance, GMF, in the new
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architecture was set to 30uS and Rgiys was chosen equal to 60kS2.

5.4 Stability

An analytically expression for the loop-gain of the architecture shown in
Figure 5.3 was developed in accordance to the guidelines given by [5]. The
result is shown in (5.5).

D = R*-GMp(f)- Rsum - GAIN(f)

E=Zpp-R-GMp(f) - Rsynm - GAIN(f)
(—Z]N—ZFB—R+D+E)
All trans-conductors were modelled to have one dominant pole at 100MHz

as described in [6]. A plot of the loop-gain at different gain compensations
is shown in Figure 5.4.

(5.5)

Stability Analysis of the Amplifier Architecture
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Figure 5.4: Loop-gain analysis of the proposed architecture

The phase margin decreases from 90 degrees for no gain compensation to
approximately 42 degrees for 19.4dB attenuation. SPICE simulations were
carried out to verify the analytical calculations. A close to exact match was
found when using a circuit built from ideal components.
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5.5 Power Consumption

The proposed architecture uses three gm-cells compared to one in the archi-
tecture proposed in 3. Two of these cells have fixed trans-conductance and
therefore a fixed power consumption. Using the well known Krummenacher
gm-architecture as described by [7], having W/L equal to 10, a transistor
gain factor of 170uA/V? and a power supply voltage of 3.3V, an estimate
of the additional power consumption as a function of gain was carried out.
The result is plotted in Figure 5.5.

Estimated Additional Power Consumption vs Attenuation
14 . T T T

—#— Simple Feedback Architecture
=—6— Gain Boosted Architecture

Power [mW]

o
=)

0.4

0.2

0 I I I
-5 0 5 10 15 20

Overall Gain [dB]

Figure 5.5: Comparison of additional power consumption due to the extra
gain compensation circuits

The plot shows that the proposed architecture has additional fixed power
consumption. For small gain adjustments this leads to higher overall power
consumption than for the architecture presented in [3]. Though, as the
gain compensation in the proposed circuit is increased, the overall power
consumption for a given absolute gain is much better. If the feedback factor
is increased too much, overall gain starts to increase again.
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5.6 Simulations

Transient simulations were carried out to prove the concept. A SMHz,
200mVpp sine signal was connected to input of the amplifier. A trans-
impedance amplifier as described above was used for the core amplifier.
A voltage was used to control the trans-conductance of the variable trans-
conductor. The trans-conductance was changed continuously from 180uS to
~0uS over a time period of 60us. The control signal and the corresponding
output signal are shown in Figure 5.6.

Varying the Gain Dynamically

° 4 o
~ o © N
T T

Control Voltage [V]

20 30 40 50 60 70 80 90 100
Time [us]

o
=)

Output Voltage [V]

0 10 20 30 40 50 60 70 80 90 100
Time [us]

Figure 5.6: Dynamically changing the gain of the trans-impedance amplifier
from 0dB to 20dB over a period of 60ms. VIN = 200mVpp, f = 3MHz.

The output amplitude changes from 212mVpp at a stable control volt-
age of 1V, measured at 0.4us, to 1.96Vpp at stable control voltage of OV,
measured at 83us. This is equivalent to an overall gain of 0.6dB and 19.9dB
respectively. The frequency response at six different gain settings is shown
in Figure 5.7.

The peak in the response at higher frequencies is due to the limited
bandwidth of the trans-conductors. In the intended application, i.e. medical
ultrasound imaging systems, this is not expected to be a problem because
the bandwidth of the information-carrying signal is relatively narrow. In
applications having a more broadband signal, it might be necessary to move
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Varying the Gain of the LNA
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Figure 5.7: Frequency response at six different control signals. Overall gain
decreases as the trans-conductance increases.

the dominant pole of the trans-conductors further up in frequency to make
sure this peak does not cause a problem.

5.7 Conclusion

A very power effective method increasing the dynamic range of continuous
variable gain amplifiers has been proposed. The method is compatible with
all basic amplifiers configurations and can be used with great advantage in
systems requiring continuous, variable gain control. The power consumption
increases when the compensation level increases. This is especially beneficial
in systems where gain compensation is only necessary for a fraction of the
duty cycle. This is the case for medical ultrasound imaging systems.
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circuit is also added.

101



102 Paper C

6.1 Abstract

There is a strong need for gain compensation techniques in the analog front-
end of medical ultrasound imaging systems. A technique adding continuous,
gain adjustment to low-noise, fixed gain amplifiers is proposed. A design
carried out in a 0.35um SOI process is presented. The technique is based
on the idea of adding positive feedback to an active feedback-network. The
active feedback network is adjustable and controls overall gain in the LNA.
The proposed technique demonstrates dynamic range adjustments of 15dB
at the expense of 1.1mW additional power consumption. To cover this gain
range, trans-conductance in the active feedback path must be continuously
adjusted from 30uS to OuS. Due to the positive feedback, this range is
reduced 10dB when compared to earlier publications. The presented circuit
has maximum gain of 2/dB. This gain is continuously adjusted down to
9dB. Assuming a bandwidth of 20MHz, the dynamic range of the LNA is
57dB at a power consumption of 1.7mW. During gain compensation, power
consumption is proportional to the amount of attenuation. This property
is especially attractive in medical ultrasound imaging systems where gain
adjustment is only necessary for a fraction of the receive-period. Overall
power consumption is therefore minimized. The implemented LNA occupies
220um x 220um effective silicon area.
Index Terms-Gain compensation, gain control, low noise amplifier, variable-

gain amplifiers

6.2 Introduction

Medical ultrasound imaging is slowly moving from 2D imaging to 3D /4D
imaging. Several real-time systems are commercially available in the mar-
ket. Two examples are described in the whitepapers [1] and [2]. Common
for these systems is that the number of transducer-elements is much higher
than the number typically found in classical 2D imaging systems. The main
reason is that the elements are arranged in a matrix and not only in a single
row. Theoretically this squares the number of elements. Figure 6.1 shows
a classical ultrasound probe with one row of transducer elements. Beam-
steering is only possible in a fixed plane, here indicated by the fan in front
of the probe. In Figure 6.2 the row of transducer elements have been diced
and transformed into an array of elements. This enables beam-steering in
space as indicated by the two perpendicular scan-planes. To utilize the
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number of elements to its full extent, it is desirable to dedicate one ampli-
fier to each element before beam-forming is performed. This is necessary
to avoid serious deterioration in noise figure after transporting the signal
over a cable from the transducer element to the main ultrasound system.
A majority of the commercially available ultrasound systems have cables
longer than two meter. The amount of power available to do amplification
in the probe-handle is very limited. Too high power dissipation necessi-
tates an active cooling system like described by Fray in [1]. The system
presented by Chen, Panda and Savord in [2] does not utilize active cooling.
Fundamental ultrasonic theory indicates that that the signal is attenuated
approximately 1dB/cm/MHz, [3]. Medical ultrasound imaging systems typ-
ically use frequencies in the 1MHz to 30MHz range to achieve a decent
resolution and penetration. Assuming a 2MHz signal and an imaging depth
of 10cm, the signal experience approximately 40dB round-trip attenuation.
Assuming that 60dB instantaneous dynamic range is necessary to get good
contrast in the image, the amplifier needs to handle 100dB dynamic range
to do decent imaging, also see [4]. It is unrealistic to integrate one fixed-gain
amplifier for each transducer element in a matrix probe with the low power
budget and such a high dynamic range requirement. An amplifier with an
output swing of 1 Vpp would require a noise level of 3.5u Virms at the output.
Due to the fact that attenuation in tissue is known, it is acceptable to adjust
gain as a function of time. An adjustment method like this is often referred
to as time gain compensation, TGC, [5]. To avoid noise and glitches in
the image, it is believed that switching of feedback element is suboptimal.
This paper proposes an effective way of adding continuous-time TGC to
fixed-gain, low-noise, low-power analog amplifiers.

The paper is divided into four main sections. The first section describes
fundamental LNA design theory. This section also introduces the gain-
control technique used in the test-chip and highlights and describes the
solutions chosen for the presented circuit. Section two presents the labora-
tory setup and the measured performance of the design. The final section
gives a discussion of the findings and draws the conclusion.

6.3 Architecture

This section gives a thorough description of the different choices made dur-
ing design of the continuous, variable gain amplifier. The fundamental the-
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Figure 6.1: Medical ultrasound probes, [6]. Classical probe with one row of
elements

Figure 6.2: Medical ultrasound probe: Matrix probe capable of doing 4D
imaging. Notice how the long rectangular elements in the upper part are
divided into small squares. Because of this, beams can be to be steered in
space
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ory that was needed to complete the design is also presented.

6.3.1 Designing the Core Amplifier

Most literature focusing on high performance, analog circuit design recom-
mends using the common source or common emitter circuit as the main
building block for low-noise amplifiers, see [7]-[9]. This is also demonstrated
thoroughly by Nordholt in [10]. Based upon a systematic study of feed-
back theory, Nordholt develops a very interesting approach to be used in
the selection of input-stages. The conclusion is that the three commonly
known single stage circuits, the common source, the common gate and the
common drain have more or less the same noise properties. The main differ-
ence and performance reduction is first visible when connecting to a second
stage. Because the common source stage has the largest value for all trans-
fer parameters, the contribution from the second stage is the smallest. The
transfer parameters are largest because there is no local feedback in the con-
trolled source in the transistor. This is well known but often not elaborated
as well-founded and systematic as by Nordholt in [10]. Transfer parameters
is a term used collectively to describe voltage gain, trans-admittance, trans-
impedance and current gain in electrical circuits. The transfer parameters,
1, v, ¢, and « are defined as

1 U0> 1 (Io)
= — = _— ) = == —_— 61
a A <Ul Io=0 ! B Ur Uo=0 (1)
1 UO) 1 (IO>
=—=|—— ya=—=|—=— 6.2
‘ C ( Iy Io=0 D Iy Uo=0 ( )

In (6.1) and (6.2) p is voltage gain, « is trans-admittance, ¢ is trans-
impedance and « is current gain. Up and Ip are output current and output
voltage respectively and U; and I are input voltage and input current re-
spectively. The inversed values, A, B, C and D are referred to as the
transmission parameters. A two-port representation using transmission pa-
rameters can be used to describe the single transistor or an LNA. This is
shown in Figure 6.3.

U; A B U, U=A-U,+B-1,
_ . . (6.3)
I; C D 1, L,=C-U,+D-1,
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to—— A B
C DL .

Figure 6.3: Two-port description of the transistor or an LNA using
transmission-parameters

To maximize the transfer parameters when designing a low noise amplifier,
it is also recommended to implement a cascode transistor together with
the common source stage. Nordholt’s model connected to a second stage is
shown in Figure 6.4. The noise in the second stage is referred back to the
input by dividing the voltage noise source in stage two by both the voltage
gain and the trans-admittance and the current noise source in stage two by
both the current gain and the trans-impedance.

Auns Bins
“~t “~t :
° O <~ | A B [t 17| Noise [°
o Técu”sﬁ Dins, |c DT Free |,
LNA

Figure 6.4: Noise contribution from second stage

Total input referred noise from the second stage assuming noise-free
source impedance, Zg, and a noise free LNA is then given by (6.4) below.
From (6.4) it is clear that noise-contribution from the second stage is mini-
mized by maximizing all transfer-parameters. The transfer-parameters of a
single transistor are maximized by avoiding local feedback. In the common
source and common emitter stage, there is no feedback-connection from
output of internally controlled source to the input. These stages therefore
potentially have the best low-noise performance. Common drain and com-
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mon gate circuits have local feedback leading to a reduction of the transfer
parameters.

1 ZZ 1 ZZ
— 2 S 2 S
Ueqg = \/uns(MQ + §2 ) +Zns(72 +

) (6.4)

a2

The implemented core amplifier is shown in Figure 21.
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Figure 6.5: Low-noise amplifier core circuit

Bias current in the input stage was set to 100uA. Bias current in the
output buffer was set to 251 A. The trans-conductance of the input transistor
is designed to be in the range of 3-/m.S. The cascode-transistor was chosen
to have same dimensions as the input stage leading to similar values in
trans-conductance. The current source, I3, feeding the bias current into the
input stage was design to have output impedance in the MQ-range. This is
achieved by using a very large and long transistor. Impedance in the node
connected to both drain of the cascode and drain of the current mirror is
therefore dominated by the input capacitance of the next stage, Q4. The
second stage is included to lower the DC level of the output. Alternatively,
a folded cascade could have been used. Lowering of the output DC level is
necessary because the output node is, for biasing purposes, DC-connected
to the input stage using a high-value resistor. This can be seen in the small-
signal model in Figure 22 where also the feedback network is included. The
current-copy-output shown in Figure 21 contains an inverted copy of the
output signal transferred to the current domain. This signal is used during
gain adjustment and will be explained in detail later. For proof of concept
the current flowing in these branches were also set to 2514 A. With a 3.3V
supply total power consumption in the core amplifier is (100uA+4*25uA)*
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3.3V=660uW. A lower supply voltage could have been used at the penalty
of reduced dynamic range and higher harmonic distortion.

A small-signal model of the core amplifier was developed to better un-
derstand the different contributions to the open-loop gain and also to derive
equations for the noise transfer-functions from the different devices to the
output node. This is essential to be able to minimize total output noise
and optimize noise figure. The model used is shown in Figure 21. The
noise-sources i,1, 4,2, i3 and iy4 represent noise in the input transistor, the
cascode transistor, the current mirror and the feedback network respectively.

Cin

Vsource

Trans-impedance Amplifier

Figure 6.6: Small-signal-model for the low noise amplifier core

By using Kirchhoft’s first rule at the Vpoyr-node and the Vioags-node we
find an expression for the open-loop voltage gain in the telescopic cascode-
amplifier. To emphasis the open-loop behaviour of the circuit, Vsourcg,
Cin, Rpp and Cpp are not included in this analysis. Open-loop gain is
given by (6.5).

Vour 2L gm1 - Tas1(gm2 - Tas2 +1)
Vin 21+ Tds1 + Tds2 + 9m1Tds1Tds2

(6.5)

Zy, is the parallel connection of the current mirror output impedance, 7443,
and the input impedance of the next stage, Ry, ||Cr. The parameters g1,
gm2, Tds1 and 749 are the trans-conductance and the output impedance of
the input stage, @1, and the cascode-transistor, (J2, respectively.

Inserting gm1 = gma = 4mS, r4s1 = r4s2 = 200kohm and Z1, = 3Mohm||25fF
in (3), open-loop DC gain is calculated to be 75dB. Simulation of the real
implementation indicates open-loop DC gain in the 73dB range and a cut-
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off frequency of 71kHz A simple, one-pole model of the core amplifier is
then given by

Arna(f) = PRy (6.6)

In equation (6.6) OLG is the open-loop gain and fsgp is the 3dB cut-
off frequency. Design of the test-circuit has been carried out using the
Cadence Virtuoso Schematic Editor, the Cadence Virtuoso Layout Editor
and ELDO as the main simulator. For sake of experiment, the low-cost
simulator Simetrix from Simetrix Technologies Ltd was used for verification
and documentation, [11].

6.3.2 Closing the Feedback-loop

To get the desired input- and output impedance levels, correct biasing lev-
els at input and output, accurate gain and independent performance over
process, we put the module into a closed loop-configuration. This is done
using the passive impedance elements Rrpp and Crp, see Figure 22. We will
see later how this also enables the continuous gain adjustment methodology
proposed by the author in [12], [13] and [14]. A high value resistance is
used in the feedback loop to close the loop in DC and to bias the input and
output node. Minimum noise contribution from this component is achieved
by using as high resistance as possible. This is also demonstrated in the
noise analysis section below. Fixed gain in the amplifier is controlled us-
ing the inherently noiseless capacitor. Closed-loop voltage gain assuming
a voltage to current converting impedance connected between signal-source
and amplifier input, is found using mesh analysis and is given by (6.7).

H(f) = Zour(f) — Zg}.}s\gf) -Arna(f)

(6.7)

In (6.7), DN is given by

Zpp(f) + Zein(f) + Zour(f) + %(Zfl;m
+%@O)UTU) + Zein(f) - Arnva(f)
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Assuming high input impedance, Z;x(f), and low output impedance, Zoyr(f),
(6.7) simplifies to (6.8).

| _ —ZrB(/f) (6.8)
Zour =0 Zon(f) + %W

Hy(f) = lim Hy(f)

Z[N—>OO

In (6.7) and (6.8) Zoyr(f) is the output impedance of the amplifier, Zrp(f)
is the total impedance in the feedback network, Arn4(f) is the open-loop-
gain, Zcrn(f) is the impedance in the element connected from source to
amplifier input and Zx(f) is the impedance looking into the negative input-
terminal of the amplifier. Assuming low output impedance, very high intrin-
sic input impedance and high open-loop-gain, voltage gain is simply given
by the negative ratio Zrp(f) to Zcin, see (6.8).

It is important to keep in mind that even if the feedback capacitor
by itself is noiseless, its presence in the feedback loop deteriorates noise
performance of the core amplifier. This is seen in Figure 6.7. Before closing
the loop, the amplifier (or single transistor) has two equivalent noise sources
connected to the input, e, and i,. This is shown in (i) in the upper left part
of Figure 6.7. When closing the feedback loop with impedance Zpg(f), the
two noise-source must be moved closer to Vin to represent equivalent input
noise sources. The current source can be moved directly without changing
the operation of the circuit. As the voltage source is moved into the node
where the loop is closed, we utilize the Blakeslay transformation and split
the source in two to keep correct electrical behavior of the circuit. One part
is moved directly to the signal source and the other one is moved into the
feedback path in the direction of the amplifier output. This is shown in (ii) in
the upper right part of Figure 6.7. The voltage source is next transformed
into its Norton equivalent. This is shown in (iii) the middle left part of
Figure 6.7. The new current source has the value e, /Zrp. This source is
next split in two as shown in (iv) in the middle, right part of Figure 6.7. One
part sources current from the Vpoyr node to ground and the other sources
current from ground to the negative input node of the amplifier. These two
sources are equivalent to one current sources connected between the input
and output of the amplifier. Next, we need to refer all sources to the input.
The current source at the output of the amplifier is referred to the input by
dividing by the current gain, o, and trans-admittance, y. The single source
at the output results in two contribution on the input side. This is shown
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in (v) in Figure 6.7
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Figure 6.7: Inherent noise deterioration due to presence of feedback

We see that even the introduction of noiseless feedback to the open loop
amplifier affects the input equivalent noise sources. Noise from the feedback
impedance translates to the input in the exact same way. To minimize the
additional noise from the resistive part of the feedback component, resis-
tance must be maximized because it ends up at the input as one voltage
noise source and one current noise source both inverse proportional to the
resistor values.

Input impedance and output impedance are also easily found from fun-
damental mesh or nodal analysis, [15] and [16]. The expressions are derived
here to better identify a way to introduce gain control to the fixed gain
amplifier. The results are shown in (6.9), (6.10), (6.11) and (6.12).

Zi - (ZrB + ZouT)

ZIN = 6.9
N Zi+ Zrp + Zovr + A(f) - Z; (6.9)
ZrB + Zour
Z = 1
IN|ZZ-_,(><> 1 +A(f) (6 0)
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Zouvt - (ZrB + Z;)

Z = 6.11
OUT = Zovr + Zrp + Zi + A(f) - Z; (6.11)
Zourt

In the circuit-implementation the reduction in output impedance is some-
what limited because the assumption that Z; goes to infinity does not hold.
Z; is the impedance of the parallel connection of the amplifier intrinsic input-
impedance (the impedance seen looking into the gate of the main stage) and
the source-impedance. Source impedance will in a typical application be sev-
eral kilo-ohms. Because of this a separate, inherently low-output impedance
common drain stage was added at the output of the core amplifier, see ()4
and Iy in Figure 21.

Noise Transfer

Assuming that averaging is not possible, total output- or input referred
noise in an amplifier dictates the minimum useful signal-level. Any signal
with amplitude below noise level is not detectable. Noise level is given by
the selected circuit device, architecture and biasing condition. For min-
imum power consumption, a single-device solution yields the best noise-
performance. The dominating part of the noise must come from the input
stage. This noise source is next the one to be minimized. Noise contributors
in the architecture shown in Figure 21 and Figure 22 are mainly transistor
Q1, Q2, Is/Q3 and Zpp. When representing noise in each transistor by a
current source between source and drain, the trans-resistance to the out-
put node from each source is found by mesh and nodal analysis. The noise
sources can be found in Figure 22 as i,1, in2, insand ing. The analytical
transfer-function of the noise sources to the output node is listed below. To
simplify the expressions, 74s1,74s2 and r4s3 are all assumed very high. Gate
of the input amplifier is terminated to ground through impedance Zry(f).
To get low noise and high gain, trans-conductance in this transistor must
be high. High trans-conductance at low current results in a large device.
The parasitic input impedance of the transistor becomes significant and
is therefore included in the calculations below. The parasitic capacitance
is connected in parallel with Z;x(f). Solving the set of equations result-
ing from using Kirchhoff’s current law at the input node, the output node
and the Voag node, we find a common trans-conductance for all the noise
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sources to the output, Ynorse, see (6.13).
Zin(f)
Zrshizom - L= 9mi- Zrp(f)) — 1 1
ZrB(f) Z(f)

Total output noise at the output is given by the quadratic sum of the con-
tributions from the single elements, (6.14).

Ynorse = (6.13)

\/(iewl)Z + (iex2)2 + (ie:c3)2 + (iex4)2

YnoIsE

vonorse(f) = (6.14)

The contributions to the total noise at the output from each single noise
source is given by (6.15), (6.16), (6.17) and (6.18).

Z.eml = :l:inl < + 1> (615)
Tds29m?2
1

ier = iZnQ Tds1ma (616)
iea3 = Lin (6.17)

. . Zin(f) )
legd = Tip, ml 2 —1)+1 6.18
4 4<ZFB(f)+ZIN(f) (g 1 FB(f) ) ( )

Noise from the input stage )1 and the current source represented by 3
propagate to the output with a trans-admittance equal to Yyorsg. Noise
from the cascode transistor, (Qs, is reduced by ~rgs1 * gma before multiplied
by the same factor. Noise from the cascode-transistor is therefore heavily
attenuated when referred to the output. The contribution is insignificant.
Noise from the feedback-network is minimized using a high-value resistor.
Using a resistor to control gain is therefore a suboptimal solution because
gain dictates the use of very low impedance. Using the inherently noise-less
capacitor to control gain is therefore much better.

Total noise in a MOSFET transistor is given by the expression below,
see [17].

, 2 K - g¢?
2 =4-k-T -2 g, m 1

In (6.19) k is the Boltzmann constant, 7" is absolute temperature, g, is

the trans-conductance of the transistor, K is a process dependant constant,
W and L are the width and the length of the transistor, Cox is the gate
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capacitance per unit area and f is the frequency. The first term in (6.19)
represents the shot noise from the channel and the second term represents
the flicker noise. Figure 6.8, Figure 6.9 and Figure 6.10 compare simulated
noise in the complete transistor-level implementation with hand-calculated
output noise using equation (6.19) and (6.14). The three figures plot indi-
vidual noise contributions and output noise with input shorted to ground,
input left open and input terminated to ground with 10pF respectively.

Simulated Noise, Shorted Input Handcalculated Noise, Shorted Input

—+&— Total Output Noise —i#&— Total Output Noise
1200 —#«— RFB 1200 —#— Feedback R

—— InputStage —— Input stage

—%— Cascode —%— Cascode

—— Current Mirror —<— Mirror

=3
1=
S
©
S
=

=3
=3
S

Noise [n'VAHz]

Noise [N"VAHz]

2 4 6 8 10

Frequency [MHz] Frequency [MHz]

Figure 6.8: Noise contributors in LNA core. Input shorted to ground
(Cin=1F)

If we assume a bandwidth of 20MHz and maximum input signal of
50mVpp, the noise levels above translates to a dynamic range at the output
of approximately 57dB. This signal level results in second harmonic dis-
tortion at the output of approximately —30dB relative to the fundamental
component. Power consumption is 125uA*3.3V = 412uW excluding the
power consumption from the extra LNA outputs and from the bias circuit.

The compact, low-power, low noise amplifier described above is only
useful in medical ultrasound imaging applications if continuous, adjustable
gain control is added to the circuit. We want to add TGC without touching
the carefully achieved performance parameters of the LNA. Equation (6.8)
indicates that gain is mainly controlled by the feedback-network. Modifi-
cation of the open-loop gain would not be an effective way to adjust the



6.3. Architecture

115
Simulated Noise, Open Input Handcalculated Noise, Open Input
h 80
—=— Total Output Noise —#&— Total Output Noise
—#*— RFB —+#— Feedback R
700 —— InputStage 70 —>— Input stage
—+%— Cascode —— Cascode
—&— Current Mirror —<— Mirror
60 60
N 50, N 50 |
I & I
E <
> K >
S, 40f £, 40
[0} [0}
(2] (2}
2 2
Z 301 Z 30
20 20
10 10
U O
4 6 8 10 4 6 8 10
Frequency [MHz] Frequency [MHz]
Figure 6.9: Noise contributors in LNA core. Open input terminals
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Figure 6.10: Noise contributors in LNA core. Input terminated in

Cin=10pF
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transfer-function from input to output.

6.3.3 Adjusting Gain Continuously

One solution is to add an active circuit in parallel to the fixed feedback
network. The active circuit must have an adjustable gain-factor that can
be continuously controlled by a voltage or a current. The active circuit
must also have input and output impedances compatible with the input
and output levels of the core amplifier, in our case as shown in (6.10) and
(6.12). Assuming a trans-impedance amplifier as shown in Figure 22, sev-
eral alternative implementations are possible. The module to be added
must have high output impedance and high input impedance to be compat-
ible with the low input impedance and low output impedance of the core
amplifier. If it turns out difficult to design an adjustable circuit with the
correct intrinsic impedance behaviour, simple current to voltage or volt-
age to current converters can be used at the input and/or output. The
simplest converter is a resistor. Figure 6.11 gives a summary of how to
add adjustable gain to a trans-impedance amplifier assuming that either
a voltage-controller-voltage source, a voltage-controlled-current source, a
current-controlled-voltage-source or a current-controlled-current source is
available. To the knowledge of the author, adjustable current-controlled-
current sources could be built from fundamental trans-linear theory, [18]-
[20]. Adjustable voltage-controlled-current-sources can be built from modi-
fied gm-cells, [17].

If gain-control is only needed for a fraction of the duty cycle it is very
efficient with respect to overall power-consumption to have an adjustable
gain-factor in the added active feedback circuit that is proportional to cur-
rent. In Figure 6.12 the adjustable gain-factor is the current-controlled
trans-conductor cell. The more current fed into the sub-circuit, the higher
the signal transfer in the adjustable cell gets, the higher the overall power
consumption gets and the lower the overall gain becomes. Medical ultra-
sound imaging typically needs gain control during the first few centimeter
of the image. Normally we want to reduce gain down to a minimum for the
first couple of centimeter, then, for the next four-five centimeter we want to
increase gain to maximum typically in a linear-in-dB manner.

The circuit example presented in [12] is one possible implementation of
the above-described methodology. The circuit is shown in Figure 6.12. In
this design, a trans-conductance cell was chosen as the adjustable module
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core amplifier core amplifier
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Figure 6.11: Adding gain control to low-noise amplifiers
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Figure 6.12: Adding gain compensation to a trans-impedance amplifier

added to the existing feedback path. By design this module has high input
impedance and high output impedance. The module is therefore inherently
compatible with the core trans-impedance amplifier. See section 6.3.7 for
details about the adjustable gm-cell. A capacitor was used to close the fixed
feedback loop and set gain in the core amplifier. When the active feedback
circuit is disabled, this capacitor controls gain in the pass-band. Using a
capacitor complicates the design somewhat because it introduces a phase
shift of 90degrees between output voltage and feedback current. To over-
come this, the sampled voltage must either be phase shifted when connected
back to the input of the gm-cell or the current in the fixed feedback loop
must be sampled. In the circuit shown in Figure 6.12 we decided to try to
phase shift the sampled voltage by feeding it partly into the stop-band of
a high-pass filter before feeding it into the trans-conductance cell. Details
about the implementation can be found in [13].



6.3. Architecture 119

6.3.4 Efficiency of the Adjustment Topology

The transfer-function of the circuit shown in Figure 6.12 is found by doing
nodal analysis at the negative input node of the core amplifier, see (6.20).

Vi Vi Vi

Zorn(f) Zra(f) Zco(f)

In (6.20) Vin is the input voltage, Voyr is the output voltage, Arna(f)

is the open-loop gain of the core amplifier, Zorn(f) is the impedance of
the input capacitor, Zpp(f) is the fixed feedback impedance of the core
amplifier and Zcoo(f) is the impedance of the capacitor feeding the output
of the trans-conductance cell back to the core LNA. Zo¢ is necessary to
avoid that any DC leakage current from the output of the gm-cell drives the
LNA into saturation. A small current would push the amplifier output into
saturation due to the high DC trans-impedance. V¢ is the voltage at the
output of the gm-cell and is found from similar analysis

A=B (6.21)
Ve
_ Vot aam Vo (622)
Zeo(f) ZamrB(f) + Re
Vour - Rcomp Vo - Ro >
A= - .GM 6.23
<RCOMP + Zocomp(f)  Re+ Zamrs(f) (6.23)

Additional components in (6.21), (6.22) and (6.23) are Zccomp(f) and
Rconp which are the capacitor and the resistor in the phase-shifting high-
pass filter, GM which is the gain in the adjustable, active feedback cell
and Zgyrpa(f), Rp1 and Rps which are feedback components used in the
gm-cell for biasing purposes and additional phase-shift purposes. Equation
(6.20) and (6.21) are inserted into each other and solved for Voyr/Vin. The
resulting transfer-function is plotted in Figure 6.13. GM is varied from 0uS
to 100uS. Gain at a few selected frequencies is also shown as a function of
trans-conductance

In the right part of Figure 6.13 we see a hyperbolic behavior in amplifier-
gain versus trans-conductance. High attenuation levels require high trans-
conductance in the feedback loop. If we keep the input signal level constant,
the amount of output signal available to be multiplied with g,, in is reduced
for high attenuation levels. To achieve higher attenuation, even higher trans-
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Figure 6.13: Simulated gain in the original active feedback amplifier

conductance is needed. Figure 6.13 is plotted using an ideal model for the
gm-cell.

6.3.5 Adding Positive Feedback to Increase Control Effi-
ciency

Observing the circuit in Figure 6.12, it becomes clear that as the amount of
available control signal at the input of the gm-cell goes down, the amount
of current flowing out of the gm-cell is increased. If we could measure the
current flowing out of the gm-cell, copy it to a separate branch, if necessary
multiply it by some factor and add it to the a copy of the signal used to
control the overall gain, the amount of control signal at the input of the
gm-cell would stay more or less constant. The available trans-conductance
in the gm-cell could be utilized much more efficient. Overall gain in the
LNA would then be controlled by a fraction of the current going back to
the LNA input node (negative input on U;) and a fraction of the original
control signal sampled at the output of the amplifier. Intuitively, gain versus
control signal should be much more linear due to the fact that the gm-cell
input signal is more or less constant. The concept is shown in Figure 6.14.
A summation node is constructed using Us in a low-input impedance con-
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figuration. In an ultra-low-power circuit Uy could be considered replaced
by a diode-connected transistor. For proof of concept a separate amplifier
was chosen in this design. Power consumption is higher than necessary be-
cause of this. In Figure 6.14, a copy of the output voltage signal, Voyr,
is translated to the current domain and connected to the input node of
the summation amplifier. The concept is shown in Figure 6.14 using a
current-controlled current-source, CCCS. The implementation is shown as
Q6-Q12 in Figure 21. An inverted copy of the gm-cell output current is
present on the negative output of Us. The information signal is already
in the correct impedance domain. Next, the two signals are added in Us
and converted to a voltage signal at the Vgpsp-node. Us was design us-
ing a very simple 5-transistor differential-nMOS-input stage, single-ended
output stage. Overall-gain in the complete amplifier is controlled adjust-
ing trans-conductance in the gm-cell, Us. Trans-conductance is adjusted
changing the bias current in the gm-cell. Us was realized using a modified
Krummenacher/Joehl topology, [21]. See section 6.3.7 for details on the im-
plementation. Common-mode-voltage at the output is controlled with two
resistors connected to a voltage-source. The second output is implemented
using the same technique incorporated in the LNA. This is shown in Fig-
ure 6.16, Q10-Q15. Overall gain versus frequency and current in the gm-cell
is shown in Figure 6.15. Positive feedback was also utilized by Fujimoto
et. al. in [22] to effectively implement an approximation to the exponential
function used to control gain. The circuit presented in [22] is a switched
capacitor solution.

6.3.6 Circuit Implementation

The theoretical transfer-function is developed in several steps. First, Kirch-
hoffs first law is utilized in the Vgyarry node at the negative input of the
summing amplifier:

—v,
Vemp — (ASUGN]}/I(};)) -0
RsumrB

Tovr + Icomp + - Igy + (6.24)
Ioyr is the current flowing out of the buffered output of the core amplifier,
Iconmp is the current flowing in the compensation network, Iy is the cur-
rent coming from the adjustable trans-conductor, « represents the amount
of positive feedback, Vgarp is the voltage at the output of the summing
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Figure 6.14: Implemented Circuit Topology

amplifier, Asyas(f) is the open-loop gain of the summing amplifier and
Rsunrp is the feedback resistance of the summing amplifier. The equation
is further developed by first inserting an expression for the impedance of
the compensation network, Zcoarp(f), then expressing output current us-
ing load impedance, Z104p(f)and output voltage, Voyr, and finally solving
the equation with respect to Vgarp. The result is show below and will be
used later..

Ve
ZLOOAUDT(f) ta-lom

Vamp = 6.25
P RTTVIC (6.25)

: +
Asum(f)-Zcomp(f) RsumrB

The second major step in the development of the transfer-function is to
utilize Kirchhofl’s first law also on the input node of the core amplifier.
Three currents flow into this node: the current from the source, the current
from the adjustable feedback path and the current in the main, fixed feed-
back loop. The three current-expressions are added together in the equation
below.

_v, v, _v,
Vamour — (7ALNOAU(§)> Vin — <ALNOAU(§)) Vour — (ALNOAU(T})) _ 0
Zco(f) Zin(f) Zinars(f)

(6.26)



6.3. Architecture 123

In the expression Vgyrour is the voltage at the output of the adjustable
trans-conductor, Apya(f) is the open-loop gain of the core amplifier, Zco(f)
is the impedance of element connecting the output of the trans-conductor
to the input of the core LNA, Vi is the input signal, Z;y is the impedance
of the element connecting the input signal to the trans-impedance amplifier
and Zrvarp(f) is the impedance of the fixed feedback network in the core
amplifier.

An expression for Vgyour is found by replacing Vayy and Vaup in
the simple voltage current relationship of the gm-cell shown below

Iem = (Vamp — Voun) - GM (6.27)

Ve is replaced by the voltage division-expression of Vapsour to the neg-
ative input of the gm-cell:

RamvBras
RayBras + Zavrs(f)

Vemn = Vemour (6.28)

In equation (6.28) Rgarpras is the parallel connection of the two resis-
tors, Rgnmprasis and Roaprass, biasing the negative input of the gm-
cell. Zgrrp(f) is the total impedance in the feedback network connected
from the output of the gm-cell to the negative input of the gm-cell. This
impedance is shown as Rayrp and Cayrpp in Figure 6.14.

Venmp in (6.27) is replaced by expression (6.25). The result is plotted
in Figure 6.15 setting a to 0 and 1 respectively. One can clearly see the
benefit in overall gain when introducing positive feedback in the negative,
active-feedback loop. Notice especially the low trans-conductance necessary
to reach 15dB attenuation.

6.3.7 Design of the GM-cell

The gm-cell implementation is shown in Figure 6.16. A two-stage approach
was used to avoid running out of output-current at low bias levels. The first
stage is based on the circuit proposed by Krummenacher and Joehl in [21].

Output, short-circuit current for the single-stage, Krummenacher so-
lution versus bias current is shown in Figure 6.17 assuming 1Vpp input
signal. The straight, dotted line represents maximum available current.
The curved line represents the dictated short-circuit current. Bias-currents
below 300uA are not able to support 1 Vpp at the input. This will result
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in severe distortion in the overall amplifier for high signal levels at low gain
adjustment-levels. By adding the second stage, here implemented by a clas-
sical differential amplifier, the circuit is able to deliver enough current to
the load for bias-levels all the way down to very low bias currents also for
the high input voltage.

Current in GM-cell
500

v Available Current
Necessary Short-Circuit-Current

450 -

400

350

W

S

=
T

Output Current [uA]

0 L 1 L 1 1 I I I L )
0 50 100 150 200 250 300 350 400 450 500

Bias Current [uA]

Figure 6.17: Short-circuit output current in Krummenacher trans-conductor
with 1V pp input voltage

Overall trans-conductance in the circuit in Figure 6.17 is controlled
changing the bias current-sources I; to I synchronously. An additional,
inverted current-output is added to the circuit using current mirrors. This
extra output, composed of Q11 to Q15, will be used in the positive feedback
loop of the gain-control circuitry. Trans-conductance in the input stage
composed by Q1, Q2, Qs and Q4 was discuss by Johns and Martin in [17]
and is given by (6.29).

(k1 + 4k3) - V1 '

Input transistors, Q; and Q2 and degeneration transistors, Qs and Q4, have
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same size respectively. In (6.29) k; is the given by

_p-Cox (W
k= EOX <L > (6.30)

W is the width of the transistor, L is the length, p is mobility and Cpx is
gate capacitance per unit area.

6.3.8 Stability and Loop-Gain Analysis

Phase margin is calculated in accordance to the principle suggested by
Blackman to Thomas in 1959, [23]. In short, the principle says that when
trying to find the return ratio with respect to a controlled source, the de-
pendant source must be replaced by an independent source of value equal
to the gain of the source. Interconnection and polarity must be kept as
is. All independent sources in the circuit must be set to zero. All other
system conditions must be left unchanged. In our circuit, this means that
the open-loop gain in the core-amplifier is changed into a dependant source
with value -A(s). Kirchhoff is then utilized on core-amplifier input node.

—Arna(f)—=Va , 0=Va  Vomour —Va _
Zinars(f) * Zin(f) * Zam(f) ’ (6.31)

In (6.31) V4 is the voltage at the input node representing return ratio and
loop gain. An expression for Viyour is developed and inserted into (6.31).
Venmour is dependant on Vppyr. In accordance to the principle described
above Voyr is changed into — — A(s). The final expression for loop gain is
plotted in Figure 6.18 as a function of trans-conductance in the gm-cell.

Without compensation, the amplifier-system is unstable. A brute-force,
dominant pole compensation was therefore inserted to achieve stability.
This compensation technique resulted in a phase-margin of 39degrees at
minimum gain. A higher phase-margin is desirable to achieve smoother set-
tling. Though, $9degrees was found to be acceptable to prove the circuit-
concept. This should be improved in future implementations. The compen-
sation network, Rooarp and Cooprp can be found in Figure 6.14.
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Figure 6.18: Phase-margin as a function of gain compensation

6.4 Experimental Results

The gain-boosted amplifier has been realized in the 0.35um SOI process.
A microphotography is shown in Figure 6.19.

The bias circuit is shown in the upper left corner of the chip, the core
amplifier is shown in the upper middle, the compensation network is shown
in the upper right, the summation amplifier is shown in the lower right
and the gm-squared cell is shown in the middle to the left. A simple output
buffer is shown at the bottom of the chip. The area of the test-chip is 800um
x 800um = 0.64mmp2. The area occupied by each sub-circuit is listed in
Table 6.1. A printed circuit board connected to a National Instruments PXI
test station was designed. A Tektronix AFG3102 signal generator controlled
by LabView was used to connect the input signal and the control signals
to the circuits. The Tektronix DP0O4054 oscilloscope was used to measure
the output signals and a HP3585 spectrum analyzer was used to measure
harmonic distortion and noise. The test-board is shown in Figure 6.20.

6.4.1 Transfer-function

Gain was measured as a function of frequency and control current. The
frequency was swept logarithmically with 24 steps per decade from 1MHz
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Figure 6.19: Microphotography of the amplifier

Table 6.1: Sub-circuit area consumption

# Name W x L Area AREA PERIPHERAL
Core

1 Biasing 75 x 60 4500

2 Core-LNA 160 x 160 | 25600

3 Y—Amp 135 x 50 6750

4 Gm-cell 65 x 65 4225

5 Gm-cell output-C 60 x 60 3600

6 Compensation 90 x 90 8100

7 Output Driver 160 x 135 50400

- Total Area 48275 54900

- VAREA 220um 234pm
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Figure 6.20: Test-board

to 10MHz The control current was swept from OJuA to 2001A in steps of
40pA. The result is shown in the left subplot in Figure 6.21. Simulation
results are shown in the right subplot in the figure for comparison.

6.4.2 Power Consumption

The current flowing from the supply into the LNA was recorded during mea-
surements. The result is shown in Table 6.2. Measured power consumption
matches the expected values very well.

Table 6.2: Power consumption summary

# Name IGM | AVDD | Total | Bias | Core | Sum | GM | Power
1 Max gain 0 337 332 32 240 | 60 0 1.11
2 Interm gain 40 397 402 32 240 | 60 70 1.31
3 Interm gain 80 464 472 32 240 | 60 140 | 1.53
4 Interm gain 120 | 534 542 32 240 | 60 210 | 1.76
5 Interm gain 160 | 599 612 32 240 | 60 280 | 1.97
6 Minerrm gain | 200 | 668 682 32 240 | 60 350 | 2.20
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Figure 6.21: Measured transfer function of the gain boosted LNA

6.4.3 Noise Measurements

Noise at the output of the LNA was measured using a spectrum analyzer.
Noise was measured in the 1MHz to SMHz-range for six different gain set-
tings, see Figure 6.22. At maximum- and minimum gain at SMHz, the
output noise was measured to be 125nV/\/Hz and 1.180uV/\/Hz respec-
tively.

6.5 Discussion

Initial measurements indicated lower bandwidth and lower gain compared
to the theoretical calculated and simulated values. By adding parasitic com-
ponents for the external environment to the SPICE model, measurements
match simulations better. This is seen in Figure 6.21. The input trace to
the LNA was modeled using a 3pF capacitor. The output and the oscil-
loscope were modeled using a 15pF capacitor in parallel with a 10Mohm
resistor.

The implementation contains a very poor solution for the current-copy
outputs. To keep bandwidth high, the transistors were made close to mini-
mum size, 2um?. The test-circuit therefore is expected to have large spread
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Figure 6.22: Comparison of measured and simulated LNA output noise

in gain from sample to sample. An implementation intended for mass pro-
duction must use a high-speed mirror with higher accuracy.

During high gain configuration, the current in the active feedback is low.
This leads to a very high noise contribution from this cell. What was not
implemented in the test-circuit was a switch to gradually switch out the
active circuitry when approaching high gain levels. Simulations indicate
that the output noise-level suffers ~2dB due to this. To keep complexity at
an acceptable level, this was not considered important for the test-circuit
and therefore not implemented.

One severe limitation of the implemented topology is that the noise
level is not kept constant. Instead of increasing the dynamic range when
reducing gain, the dynamic window is moved up to handle the higher swing.
Simulations indicated that the window also gets smaller as soon as the gain
compensation circuit is switched. A much more desirable solution would be
to dynamically stretch the window, keeping the noise floor constant. This
would require dynamic biasing in the core amplifier and should be a point
to be studied in future work.

A bug affecting the output noise was found in the biasing network. One
node was poorly decoupled and resulted in higher noise in the test-circuit
than first anticipated. This probably explains the difference seen in Fig-
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ure 6.22.

6.6 Conclusion

A low-power method adding variable gain to fixed gain amplifiers was pre-
sented. The method is compatible with all known amplifier architectures.
The main advantage of the method is that no extra power is consumed when
gain compensation is close to zero. This feature is very attractive in appli-
cations were gain compensation is necessary for a short duty cycle. The
performance of the original fixed gain amplifier, here referred to as the core
amplifier, is also untouched when gain compensation is zero assuming that
a switch in implemented to cut out the active circuitry. A low-noise trans-
impedance amplifier was designed to prove the concept. Measurements show
that a gain compensation of 15dB was possible at 3MHz for an additional
peak power consumption of I.ImW. Necessary trans-conductance is only
30uS. This is a reduction in trans-conductance of ~10dB when compared
to previously reported results.

6.7 Future Work

A detailed analysis of the noise contribution from the active feedback net-
work was not carried out but is left as future work. For medical imaging
applications, it is important that the instantaneous signal-to-noise ration
is kept as constant as possible during gain adjustment. If gain is reduced
by 15dB, the circuit should accept at least 15dB higher input signal at the
same time as noise is not increased by more than 15dB.
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Ideas presented in this book enabled some of the research work presented

in this paper.
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7.1 Abstract

A fully differential, first order, class AB, log-domain allpass filter has been
designed. The filter utilizes a new, low power, high dynamic range pre-
processor architecture. The architecture accepts higher input swings and
has lower output noise compared to a well- known, classical translinear pre-
processor. The lower output noise is due to noise cancellation introduced
by the architecture. The total dynamic range is increased 8.1dB with an
increased power consumption of 22%. The described filter is the first filter
using this special pre-processing technique. All published fully differential,
class AB, log-domain filters are expected to benefit from the pre-processor
architecture.

7.2 Introduction

Modern silicon processes with smaller and smaller element dimensions re-
quire lower and lower supply voltages. This is due to the high electrical fields
introduced in each transistor and the lower breakdown voltages across the
isolation barriers. The low supply voltage necessary in such processes com-
plicates low power, high dynamic range analogue design. Low supply voltage
squeezes the dynamic range between lower maximum swing and higher noise
levels caused by lower supply currents. To compensate for the decrease in
dynamic range, the current consumption has to be increased. Companding
techniques have been suggested as a solution to this challenge. The word
companding is a composition of the two terms compressing and expanding.
A companding filter first carries out a compression of the input signal, then
performs the filtering operation and finally executes an expansion. A spe-
cial case of companding filters is the log-domain filters. Log-domain filtering
was first introduced by Adams, [1], in 1979. It took several years before his
ideas were picked up by other researchers and studied in detail, e.g. [2]-[4].
When compressing the input signal as is being done in log-domain filters, all
internal state variables have a corresponding compressed swing. A potential
high dynamic range is therefore maintained even when the power supply is
drastically reduced.

In this paper, the new pre-processor architecture is used on a log-domain
allpass filter for proof of concept. The maximum dynamic range is simulated
in presence of an input signal using the periodic-steady-state (PSS) option
in SpectreRF, [5].
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7.2.1 Log-Domain Filtering

A principle sketch of a first order, single-ended, log-domain filter is shown
in Figure 7.1.

Figure 7.1: Log-domain principle sketch

Using routine KCL analysis, the following equation is developed:

Ip =Icap + 1o (7.1)
Vin — Vi d -

Both sides of (7.2) are multiplied by ezp(V our/Vr) and the chain rule is
applied to the derivative of Vour:

1% d Vi Ve
ISeXp(VL;V):chgexp( ‘O/ZT)—FIoeXp( “J/UT) (7.3)

Vin and Voyr are compressed versions of the input currents and can be
replaced by

- 1
Vin = Vrln(—) (7.4)
S
> Tout
Vour = VrIn( 7 ) (7.5)
S
This substitution clearly shows how the output is an integrated version of
the input:
CVr d I
Iy = ———Tour + +lour (7.6)

Ig dt Ig
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A Laplace transform is carried out on equation (7.6) to highlight the low-
pass filter transfer function:

s
His) = Iour(s)  ©vg 1)

Iin(s) s+ CI{}T

From (7.7) we see that the corner frequency is tuneable through Ij.

Noise analysis of log-domain filters is much more complex than noise
analysis of conventional linear filters due to the fact that all internal noise
sources are signal- dependent. The transfer function from each internal
node to the output is also non-linear and signal dependent. This fact is not
immediately seen from the filter described above due to its simplicity. The
PSS analysis included in SpectreRF was used to account for these effects. A
theoretical approach for analysing noise in static and dynamic translinear
circuits is given by [6].

7.2.2 Fully Differential Class AB, Log-Domain Filter

In high sensitivity high dynamic range applications, a differential filter struc-
ture is chosen to suppress and remove common mode noise. This is the rea-
son why we chose the fully differential structure for our design. The class
AB structure was chosen to maximize the dynamic range/ power supply ra-
tio. In theory, the dynamic range is only limited by transistor trans-linearity
when using class AB. Maximum signal level is not limited by the bias cur-
rent as is the case for class A circuits. Because of this, class AB circuits are
very power efficient. When running class AB, the complete filter consists
of two separate but equal modules. Each module is responsible for either
the positive or the negative half cycle of the input signal. The topology is
shown in Figure 7.2.

This special topology was first introduced by [7]. The input signal to
each of the two filter cores must be strictly positive to keep all transistors in
the active region. All fully differential, class AB filters must therefore have
some sort of pre-distortion circuit in front to guarantee the swing always
to be positive. The topology shown in Figure 7.2 can be used to realize all
class AB filters not having complex poles. Filters with complex poles have
overshoot in their response. Too large overshoot on internal nodes will move
one or more of the transistors in the filter core out of the active region. This
is not a problem for our allpass filter.
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Figure 7.2: Generic differential, class AB filter based on the ”two-filter”
approach

7.2.3 Preprocessor Design

A circuit suitable for pre-distorting the input signal in a fully differential
log-domain filter is shown in Figure 7.3.

02

lIN2

Figure 7.3: Transistor level schematic of the pre-conditioner

The circuit was suggested by [8] and implements equation (7.8) and (7.9).
An input signal forced into a circuit described by (7.8) and (7.9) experience
half wave rectification. The pre-processor output swing is therefore strictly
positive.

I[N = 4IN1 — {IN2 (7.8)

irntirNe = 1§ (7.9)



142 Paper D

From Figure 7.2 we see that the pre-processor circuit is connected in series
with the input signal. Performance parameters like noise, linearity, accuracy
and bandwidth must be better in the pre-processor than in the filter core
if the performance is not to be limited by this module. This is a fact very
often neglected when studying log-domain filters. For the performance of
such a pre-processor to be better then the filter core, a substantial part of
the power consumption might end up being dissipated here. The potential
low-power consumption of log-domain filters might be compromised because
of this. An architecture increasing the maximum swing by 6dB and reducing
the noise level by 2.1dB while only increasing the power consumption 22%
was suggested in [9]. The architecture is shown in Figure 7.4.

2V, o
IN Pre-
IIN P - conditioner

02

[IN

(diff)

03
IN_N IN Pre-
ket conditioner

Eﬁ‘ 04

Figure 7.4: Extended dynamic range pre-processor



7.2. Introduction 143

7.2.4 Allpass Filter

The pre-processor architecture shown in Figure 7.4 was included at the input
of an allpass filter for proof of concept. An allpass filter was chosen because
we wanted to design a tuneable analogue delay cell. A generic, first order
allpass filter is described by equation (7.10).

1—jwr

H(jw) = —"— 7.10
) = 12 (7.10)

The phase of this filter is given by equation (7.11).
ZH(jw) = —2arctan(wr) (7.11)

Due to the lack of log-domain differentiators, realizing zeros without dissi-
pating too much power is a challenge. It is well known that an arbitrary
transfer function can be synthesized from a state-space description of a sys-
tem, [10]-[12]. However, the increase in power consumption is very often
high due to the high number of transistors necessary. Equation (7.10) was
rewritten as suggested by [13] to get a power efficient implementation of the

allpass filter:
2

Hiw) =155

~1 (7.12)

A transistor level schematic of the allpass filter core is shown in Figure 7.5.

Q1-Q5 and C1 implements the damped integrator with a gain of two.
The gain is realized using transistor scaling. This is most power efficient.
The damping current, Ipaysp, running through Q2 is equal to the tuning
current, ITyng, running in Q3. The currents are set equal by mirroring
the current in Q3 to Q2 using Q5. Analysing the dynamic translinear loop
composed of Q1 to Q4 and C1 using the technique described in [14] gives
us the two following equations:

2IinItune = (Upamp — Ic1)lour (7.13)
4 Tour
Ioy = —C1Vp (7.14)
IouT

Solving these equations for Ipyr/IrN leads to equation (7.15). Irynp and
Ipanp have the same magnitude due to the mirror composed by Q5. They
are nevertheless shown explicit in (7.15). The gain factor Ityng/Ipanmp in
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M\ /M e >

Figure 7.5: Allpass filter core. During simulations, AVpp=2.5V,
Vpras=1.2V and Irynp=40uA.

(7.15) will for our circuit be equal to one. Ip4prp found in the denominator
can also be changed to Ityyg to better emphasize the tuning. The result
is shown in (7.16).

ITunE 2
H(s) = 7.15
( Ipamp 1+ 55;:]‘;7; (7.15)
21
H(s TUNE (7.16)

~ Iryne + sC1Vr
The time constant 7 is given by (7.17).

o
ITunE

(7.17)

In the equations above, Vr is the thermal voltage, approximately 25mV at
room temperature. Using C1=45pF and Ipynygp=40pA in (7.11) leads to
a phase shift of ~1rad at 3MHz. This translates to a delay of ~535.5ns at
the same frequency. This delay is easily tuned through Iryyg. The —1
factor in equation (7.12) is implemented using the current mirror consisting
of M5, M6, M13 and M14. Because the signals are represented by currents,
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the subtract operation is easily performed at the output node, i.e. at the
drain of M14 and collector of Q4.
7.3 Simulations

The pre-processor and the allpass filter were implemented in a 0.35um
BiCMOS process. The frequency response was simulated from 1MHz to
300MHz for three different amplitudes. The result is shown in Figure 7.6.

Allpass Filter Frequency Response
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Figure 7.6: Allpass filter frequency response with the preconditioner con-
nected to the input, I;y=4pA, 10uA and 16pA

The frequency response was found to be very insensitive to the signal
amplitude. The gain at 3MHz changed from 0.65dB to 0.59dB as the
signal amplitude increased from 4uA to 16pA. Deviation from unity gain
mainly exists due to non-zero base currents. To improve the accurcy of the
filter, base-current cancellation must be included. The output noise was also
simulated for three different amplitudes. The result is shown in Figure 7.7.

The output noise is signal dependent as expected due to the internal sig-
nal dependent noise sources and to the non-linear, signal dependent transfer
functions from the internal sources to the output. The noise spectral density
was found to to be 8pA/\/Hz, 8.9pA/\/Hz and 10pA/\/Hz for amplitudes
of 4juA, 10uA and 16pA respectively.
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Log-Domain Allpass Filter Output Noise
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Figure 7.7: Allpass filter output noise with the pre-conditioner connected
to the input, Iyny=4uA, 10uA and 16puA (lowest noise is produced by lowest
signal amplitude)

7.4 Conclusion

A fully differential, class AB, log-domain allpass filter using a new low power,
low noise, high dynamic range translinear pre-processor has been designed.
The dynamic range was found to be 48.1dB (at 3MHz assuming a band-
width of 20MHz) with a power consumption of 7m W. The design was carried
out for proof of concept. All published fully differential, class AB log-domain
filters are expected to benefit from the pre-processor architecture.
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8.1 Abstract

An architecture performing pre-distortion of the input signal fed to fully dif-
ferential, class AB log-domain filters is suggested. The architecture performs
noise cancellation and increases the maximum allowed input swing. All pre-
vious published fully differential, class AB log-domain filters are expected to
benefit from the proposed topology. The dynamic range is increased 8.1dB
from 53.1dB in the classical circuit to 61.2dB in the proposed architecture
when consuming 15.7uW and 19.1uW respectively. The increase in dy-
namic range is obtained with the penalty of 22% increase in the quiescent
power consumption.

Index Terms—Continuous time filters, log domain, log domain filter,
low power, current mode, translinear circuits, companding.

8.2 Introduction

The Continuous demand for decreasing the supply voltage and the power
consumption in integrated circuits while maintaining high dynamic range
and high sensitivity necessitates increased focus on alternative filter archi-
tectures. Companding signal processing techniques have been suggested as
a potential solution to this challenge. The term companding is composed
of the two words compression and expansion. A filter based on this signal
processing technique first performs a compression of the input signal, then
carries out the filtering operation and finally performs an expansion of the
signal at the output. A special case of companding filters is the log-domain
filters. Adams introduced the concept of log-domain filtering to the Audio
Engineering Society in 1979, [1]. It took several years before a thorough
theory on the topic was available and straight ahead analysis and synthesis
methods were developed, [2]-[4]. A great deal of research is still carried out
on this group of filters (A search on the ”log-domain” topic in the IEEE
database revealed 25 publications since the beginning of 2002). This is
necessary to give the filters commercial acceptance and to be able to fully
explore all the potential advantages of such filters.

Conventional continuous time filters can operate differential to suppress
common mode noise. Class AB can also be adapted to improve the dynamic
range to power consumption ratio. Differential architectures and class AB
operation are also possible for the external linear, internal non-linear log-
domain filters. It is necessary though to pay special attention to the format
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of the input signal fed to such a filter. It is very important to make sure
that none of the internal state variables are moved out of their allowed
signal range. All internal currents must be strictly positive for all input
signals. This paper presents a new circuit architecture that shapes the
input signal of a fully differential, class AB log-domain filter to guarantee
correct operation. The circuit is well known in the literature and is referred
to as a "pre-processor” or a ”pre-conditioner”. A principle sketch of a fully
differential, class AB, log-domain filter is shown in Figure 8.1.

Cb
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I
I
I
I
mﬁ— conditioner -ll- Compressor He| Filter Core  He| Expander
- I
I
I
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Figure 8.1: Differential filter implementation based on the ”two-filter” ap-
proach

|
1
|
|
-*- Compressor Hme| Filter Core (] Expander jf————p
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The pre-processor is shown explicitly at the input of module I and mod-
ule II.

8.3 Pre-Conditioning the Input Signal

A class AB circuit contains two equal modules for handling the signal swing.
Each module is responsible for processing either the positive or the negative
part of an input signal. The term class AB is well known from amplifier
output stage design, [5]. Here, one transistor handles the positive swing,
while another transistor handles the negative swing. If there is no redun-
dancy in the signal handling of the two transistors, the operation is referred
to as class B. If there is some overlap, the mode of operation is referred to as
class AB. The reason for the redundancy is to minimize distortion. The dis-
tortion is referred to as cross-over distortion and will be present in class AB
filters as well as in class AB output stages. To minimize the distortion when
switching from one module to the other, a controlling scheme smoothing the
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transition must be implemented. A lot of different smoothing algorithms
exist. Common for all of them is that the output signal can be expressed as
a mathematical function of the input signal (here we assume that the signal
is represented by a current):

iovr = f(i1N) (8.1)

Several expression have been used successfully both in the output stage of
op-amps and in the pre-conditioning of class AB companding filters, ref.
[6]-[7]. One of the most popular functions is the geometric mean. This
function is mathematical continuous and will therefore introduce a limited
amount of cross over distortion. If a perfect half wave rectifier were to be
used as a pre-processor, much more cross over distortion would have been
introduced due to the discontinuity at each zero crossing. Geometric mean
is described by the following equations

UUN = UINT — UIN?2 (8.2)

irntirNe = 1§ (8.3)

In equation (8.2) and (8.3) 7y is the single ended input signal, i;x1 and iy
are the generated signal components and I is a constant current. Solving
this equation for i;n1 and i7y9 leads to

. .2
. UIN UIN 9
=4 — e} 8.4
iIN1 = + 5 +4/ 4 + 15, (8.4)

. .2
. !N UIN
1IN2 = _7 T

The ratio of the maximum signal amplitude to the constant quiescent cur-
rent I¢ is referred to as the modulation index, m. The signals i7x and iy

+ 13 (8.5)

are shown in Figure 8.2 and Figure 8.3 for two different modulation indices,
respectively m = 1 and m = 20. The signals can also be found in Figure 8.4.

A high modulation index is desirable to minimize the quiescent power
consumption in the pre-conditioning circuit. The potential low power con-
sumption of log-domain filters can easily be compromised if a lot of current
is spent in the input module of the filter. This fact is very often neglected
when discussing the advantages of log-domain filters.

As can be seen from Figure 8.1, the pre-conditioning circuit is located in
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Figure 8.2: Singled-ended pre-conditioner output signals for modulation
index equal to 1 (upper) and 20 (lower).
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02

Figure 8.4: Transistor level schematic of the preconditioner -core.
Vpp=2.5V, Vpras=1.2V and Io=1pA.

series with the input of the filter, making this module a potential bottleneck
with respect to noise, dynamic range and distortion. To fully utilize the
performance of the filter succeeding the pre-processor, this module must
have better performance than the log-domain filter itself. It is not obvious
that this is possible without spending a substantial amount of power.

8.4 Preprocessor Design

A circuit suitable as the core in the suggested class AB, fully differential
pre-distortion circuit is shown in Figure 8.4. The circuit was suggested
by [8] and implements equation (8.2) and (8.3). One additional output
terminal has been added to prepare the circuit for the extended dynamic
range architecture shown in Figure 8.5.

Large signal analysis of the circuit is easily performed using the translin-
ear principle, [9]. The impedance at the input terminal of the pre-processor,
IN, is low and behaves as a virtual ground due to the inherent low impedance
of the emitter present and to the feedback connection from the base of Q5 to
the collector of Q1. As shown in Figure 8.4, voltage to current conversion
can then easily be carried out using a resistor. Each transistor shown in
Figure 8.4 has a shot-noise source connected between collector and emitter.
This source is assumed to be the dominant noise source in the transistors.
For the dynamic range analysis in the next section, we then neglect the con-
tribution from the base resistance thermal noise, the base shot-noise and the
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base 1/f-noise.

The proposed architecture is shown in Figure 8.5. The circuit has two
input terminals and two output terminals. The architecture must be con-
nected to a balanced, fully differential input signal with zero DC current.
Each of the two output signals will always be strictly positive. They can be
directly connected to the succeeding class AB filter. At the same time, the
signals have maintained their differential nature.

The first elegant property of the circuit is that 6dB higher input swing
is achieved due to the direct coupling of the signal from input to output.
Inherently, this signal path does not add any noise or distortion.

The second elegant property of the circuit is the noise cancellation per-
formed by the cross coupling of the outputs. In the proposed architecture,
a noise reduction of 2.1dB is achieved. To see how this is possible, the total
output noise at O1 and O2 is divided into a sum of two noise components:

igl = i}%’/‘e + i227out (86)
-2 -2 -2
lo2 = zpre + 7’QSout (87)

2
pre’

noise sources except the output transistor Q7 or 8. The second compo-

The first component, 4 represents the noise contribution from all internal
nent iémut or iQngut contains the output noise stemming from the output
transistor alone. The single ended output signal of module I and module II
respectively when no input signal is present is then given by

-2 2 -2 -2 -2
ttjouTrp = Zp?“el + ZQ?outl + ZpreZ + ZQ70ut2 (88)

-2 2 -2 -2 -2
ttjourN = ZpreQ + ZQSout2 + lprel + 7’Q80ut1 (89)

We see from the equations that both modules will experience common noise
components, ipre1 and ipre2. The only non-common noise signals are the ones
generated in the output transistors of the pre-processors. The differential
output signal is given by

-2 -2 -2 -2 -2
tiour = ZQ?outl + ZQBoutl + ZQ7ou7§2 + ZQBout2 (810)

We see from this equation that the common noise sources vanish. The total
output noise is therefore lower than for a classic pre-conditioner circuit. A
generic filter with the proposed architecture is shown in Figure 8.6.
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Figure 8.6: Fully differential, class AB, log-domain filter with the low-power,
high dynamic range pre-processor

8.5 Noise Analysis of the Preprocessor

Analytical noise analysis of the proposed circuit is not trivial. One reason
is that the dominant noise sources, i.e. the shot-noise sources, are signal
dependant. The PDS of these sources is given by

in = /2qlc (8.11)

In equation (8.11) i, is the noise density in A/\/Hz, ¢ is the electron charge
and Io is the collector current of the transistor. Most conventional filters
have a bias current much greater than the signal current. Because of this,
all internal noise sources are assumed to be stationary. The error made is
negligible when using the DC value of I when calculating the noise. In the
circuit presented in this paper, and in class AB circuits in general, the goal
is to make the quiescent current m times smaller than the maximum signal
amplitude where m is the modulation index as defined above. The noise
sources will therefore be strongly signal dependant. During analysis they
must be considered to be non-stationary. The analysis is further complicated
because the transfer function from each internal noise source to the output
is non-linear. This is due to the nature of the circuit. The mathematical
expression to be implemented, explicit showing the non-linearity, can easily
be found by applying the translinear principle.

From this discussion, the magnitude of the total output noise is expected
to be proportional to the input signal. The PDS of the output noise is also
expected to show modulated noise at the fundamental signal frequency and
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at the harmonic frequencies.

A method for analyzing the noise analytically in both static and dynamic
translinear filters is given in [10]. An analytical analysis is not carried out
in this paper. The exact output noise is found from simulations only.

8.6 Simulations

Simulating non-stationary noise using traditional simulators like SPICE is
not possible. It is possible to approximately predict the output noise level
at different DC input levels. The modulated noise is though not possible to
simulate. The main reason is that the noise analysis in SPICE is part of the
AC analysis tool, which performs a linearization of the circuit around the
bias points. The bias points found during initial AC analysis are then kept
constant during the succeeding analysis. Frequency translation effects will
not be visible. The SpectreRF simulator from Cadence has a neat tool that
enables the analysis of modulation noise, [11]. The analysis is known as the
Periodic-Steady-State-Analysis (PSS). This analysis requires a sinusoidal
input signal with a defined frequency. Periodic varying bias points are then
calculated. These bias points are then used to carry out further calculations
like output noise simulations.

The total output noise of the classical pre-processor suggested in [8] was
simulated using PSS. The result is shown in Figure 8.7 and Figure 8.8.

The quiescent current was I A. The output noise was simulated for 5
different signal amplitudes. Figure 8.7 and Figure 8.8 clearly shows how
the total output noise increase as a function of increasing signal amplitude.
The modulation noise can be seen around the fundamental of the input
signal, i.e. around 8Mhz. As the signal amplitude increases we can also see
how the modulation noise manifests itself at the second harmonic frequency.
According to equation (8.9) and (8.10), the output noise of the proposed
pre-processor is lower than the output noise of the classical pre-processor.
The total output noise of the proposed architecture is shown Figure 8.8
using the same 5 signal amplitudes. As expected, the noise is reduced.

8.7 Conclusion

In this paper we introduced a non-linear preconditioner architecture suitable
for increasing the dynamic range in any fully differential, class AB log-
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Figure 8.7: Classic pre-conditioner output noise, I;y=1uA, 4.75uA, 8.5uA,
12.25pA and 16pA (lowest noise is produced by lowest signal amplitude).
Note the presence of the inter-modulation product at the frequency of the
input signal, 3MHz.
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domain filters. For the given pre-processor core the dynamic range was
increased by 8.1dB with an increase in the power consumption of 22%.
The suggested architecture is expected to take log-domain filtering one step
closer to commercial acceptance. In this paper, the pre-processor is based
on the geometric mean function. The architecture is not limited to this
specific function and can easily be constructed from the harmonic mean
function or other suitable core functions. Inherently, the harmonic mean
has a larger DC value than the geometric mean. A higher input signal and
therefore a higher dynamic range, is expected to be possible for the same
distortion performance.
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9.1 Abstract

A fully differential, class AB, log domain micro-beamformer has been de-
signed in a 60GHz Si-Ge BiCMOS process. The demonstrated micro-
beamformer has four input channels and four delays, though the concept
can easily be extended to any desirable configuration. The log domain,
class AB architecture is perfect for medical ultrasound applications due to
the fact that the received ultrasound signal has very low amplitude dur-
ing the major part of the reception period. This leads to very low power
consumption because of the class AB configuration. The delay-line in the
micro-beamformer is constructed using a cascade of low input impedance
allpass filter cells. A simple implementation of the zero in the allpass filter
helps to keep the overall power consumption low. The delay of each allpass
filter cell is programmable through the adjustment of a tuning current. Due
to the class AB architecture used every source signal must be shaped by
a signal preconditioning circuit before connected to the filter cells. A well
known preconditioning circuit has been modified to increase the dynamic
range. The modification introduces noise cancellation as well as a method to
increases the maximum signal swing. The dynamic range of one precondi-
tioning cell is shown to increase 12.6dB compared to the classic translinear
circuit at a penalty of 15% increase in the power consumption. SNR of one
allpass filter cell is typically 56.5dB and the global dynamic range of the
same cell is typically 63.8 dB at an average power consumption of 3.5mW
when connection 16 input signals to the filter. The power consumption
at maximum signal amplitude for the micro-beamformer having four input
channels and four delays is 3.2mW with a supply voltage of 2.5V. In the
intended application, the quiescent power consumption is a much better
description of the average power consumption. This power consumption is
1.3mW.

Index Terms—Beamforming, companding, log domain, low power, med-
ical ultrasound imaging.

9.2 Introduction

To make real time, 3D medical ultrasound imaging possible, active signal
processing must be integrated in the ultrasound probe handle. To keep
the temperature below the maximum allowed limit, the power consumption
must be low. At the same time, the performance must be kept as high



9.2. Introduction 165

as possible. This necessitates increased focus on low power circuit design.
Companding signal processing techniques have been suggested as a potential
solution to low power, high dynamic range signal processing. The word
companding is a combination of the two terms compression and expansion.
A filter using this technique first performs a compression of the input signal,
then carries out the filtering operation and finally performs an expansion
of the signal at the output. A special class of companding filters is the log
domain filters, [1]-[4]. These filters perform log compression on the input
signal and the reciprocal operation on the output signal. One of the main
advantages is that all internal nodes have a very small voltage swing which
allows the supply voltage to be reduced without reducing the maximum
dynamic range (DR). Several log-domain filters have been designed and
fabricated for proof of concept and for performance analysis, ref [2]-[8]. The
number of publications focusing on specific applications is limited, though
see [9]-[11].

Next generation, real time 3D medical ultrasound imaging systems will
have an increased number of transducers. This requires some of the signal
processing to be performed inside the ultrasound probe, [12]. The objective
of this work is to design a micro-beamformer (summation of signals, each
having an individual, programmable delay) suitable for placement inside
the probe handle. Because of very strict requirements regarding maximum
temperature in such medical equipment, the power consumption must be
very low at the same time as the performance is as high as possible.

Accurate tuning of the delay is necessary to account for process vari-
ations and for flexibility in the final system. Log-domain filters have this
capability and are therefore an interesting candidate for ultrasound appli-
cations.

This paper starts with an introduction to medical ultrasound imaging.
A short introduction to why and how beamforming in classical and commer-
cially available systems is performed is given. References to more in-depth
literature are listed. The challenges related to next generation, real time 3D
systems are highlighted. The concept of log-domain filtering is presented
and a short derivation of an overall linear, internal nonlinear system is car-
ried out. Next, the proposed filter structure core and the preconditioning
circuit are presented and analyzed. Based on this module, the log-domain
micro-beamformer is designed. Simulation results are presented. A conclu-
sion is drawn in the last section.
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9.3 Overview of Medical Ultrasound Systems

Classical medical ultrasound imaging is carried out using an ultrasound
probe with several passive transducer elements located in the tip of the
probe. Each element is individually available for transmit and receive of
ultrasound energy. Most commercial available systems have the transducer
elements arranged in a row. A probe used for imaging the heart typi-
cally contains from 6/ to 128 transducer elements in one row. Steering
and focusing of the beam during transmission and reception is carried out
by introducing a channel specific delay on each element. An example of
beam-focusing and beam-steering 4+ beam-focusing is visualized with the
corresponding delay-profiles in Figure 9.1.

Four Different
Delay-profiles
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Figure 9.1: Examples of delay-profiles. The distance from the arches to the
row of elements represents delay (a) Beam-focusing; two foci are shown (b)
Beam-steering and beam-focusing; one angle with two foci are shown

Introducing delay-profiles during transmit and receive is referred to as
beamforming. During transmission all elements are excited with an electri-
cal pulse. The delay profile used will determine the direction of the transmit-
ted energy due to the fundamental laws of interference. The same technique
is used during reception. The image produced by a row of elements depicts
a slice of the object examined (because of the way the transducer elements
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are arranged). To construct an image, ultrasound pulses are transmitted
from the probe and into an object. All boundaries between materials of dif-
ferent acoustic impedance will reflect a portion of the transmitted energy.
As soon as the transmitted pulse leaves the ultrasound transducer element,
this element is put into receive mode. One transmit-pulse and its echoes will
image one line. To construct a 2D image, several beams must be distributed
over the area to be imaged. A low noise preamplifier will be connected to
each element and all echoes from the object will be amplified. The length of
the amplification period depends on the depth to be depicted. The velocity
of sound in water is 1540m/s. To construct an image of depth 10cm, each
receive period must last at least 130us. Ultrasound systems based on the
techniques just described have one coaxial cable connecting each transducer
element to the transmit/receive electronics.

Future generation ultrasound systems will aim at carrying out real time
3D imaging. One way to make this possible is to increase the number of
transducer elements and arrange them in an array. By doing this, it is
possible to electronically steer the beam in two dimensions. This geometric
arrangement will square the number of transducer elements. The ultra-
sound probe described in [12] contains 50 * 50 transducer elements. Several
algorithms have been suggested for reducing the amount of data produced
by such an array, [13]-[15]. Independent of the algorithm used, a necessary
building block is a delay cell. An allpass filter is one possible realization of
a delay cell. An allpass filter will be used in this design. A more detailed
description of ultrasound imaging theory can be found in [16]-[19].

9.4 The Concept of Log-Domain Filtering

The concept of log domain filtering was first introduced by Adams at the
Audio Engineering Society in 1979, [1]. Adams recognized that the resistor
in a classic RC filter could be replaced by a diode and a current source. The
proposed filter is shown in Figure 9.2.

Adams discovered that the cutoff frequency of the filter was tunable over
several decades of frequency through adjustment of the current source. The
circuit shown in Figure 9.2 composes a low-pass filter:

Ip =Ioap + Iy (9.1)
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Figure 9.2: Principle sketch of a log-domain low-pass filter

Vin = Vour
Vi
Both sides of (9.2) are multiplied by ezp(V our/Vr) and the chain rule is

applied to the derivative of Vour:

d ~
IS exp( ) = C@‘/OUT + IO (9‘2)

Vin d Vour Vour
1 — ) =CVpr— 1 9.3
sexp() = CVr g exp(Zo0) + hexp(92L)  (93)
Vin and Voyr are compressed versions of the input currents and
can be replaced by:
- 1
Vin = Vr m%) (9.4)
S
Tour
Vour = Vrln(— ) (9.5)
S
This substitution clearly shows how the output is an integrated version of
the input:
CVr d Iy
Iy =—-—1I —1 .
IN To dt ouT + Ts our (9.6)
A Laplace transform is carried out on equation (9.6) to highlight the low-
pass filter:
CV; I
Iin(s) = —LsIour(s) + 2 Iour(s) (9.7)
Is Is
Is
I _
H(s) = Tovrls) _ o (9.8)

Iin(s) s+ C[—{}T
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A thorough analysis of basic log-domain building blocks, filter analysis and
filter synthesis can be found in [20].

9.4.1 System Structure and Specifications
The Micro-Beamformer

All multi-channel ultrasound systems perform beam-forming, [16]. The
essence of beam-forming is to add N input channels together with an indi-
vidually programmable delay for each input signal:

N
rpp(t) =Y wiri(t —t;) (9.9)
i=1

The signal zgp(t) is the beam-former output signal, w; is a channel spe-
cific weight making appodization possible, x;(t — ;) is the it" input signal
having a delay of ¢; seconds. Appodization means that the energy at the
outer edges of the transducer is decreased. This leads to lower side-lobe
levels. The operation described by (9.9) will always be carried out on the
signals coming from the ultrasound probe. Beam-forming is the electronic
method used for steering and focusing the ultrasound beam (the technique
is used both during transmission and reception of ultrasound pulses). In
a system with thousands of ultrasound transducers, part of the operation
or the complete operation must be carried out in the probe as described in
[13]-[15]. A principle sketch of the micro-beamformer demonstrated in this
paper is shown in Figure 9.3.

Our design uses N = 4 and M = 4. The preamplifier is assumed to be
off-chip.

Any input signal can be connected to an arbitrary input of the delay
line. The delay line is composed of M cascaded low input impedance allpass
filters. Because of this, more than one input can be connected and added
to the same delay-tap. To make medical ultrasound imaging possible, the
dynamic range must be maximized and the power consumption minimized.
Low power, high dynamic range design must due to fundamental theory
compromise complexity and performance. Our design goal necessitated the
consideration of designing a class A or a class AB circuit.
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Figure 9.3: A micro-beamformer with N inputs and M cascaded allpass
filters

Choosing Between Class A and Class AB

Several definitions and explanations can be found in the literature defining
class A and class AB operation. In our context, a filter module operating
in class A is a module that handles 360 ° of an input signal all by itself.
It can be seen from the transistor level schematic of a class A module that
all internal currents must be strictly positive. For such a module to handle
a peak AC swing of I4¢, the bias level Ipc must be equal or greater than
Iasc. This is necessary to make sure the current in the transistor never
reach zero. In most practical circuits Ipc must be greater than I4¢-. This
puts an upper limit to the dynamic range of the circuit. The reason is that
the noise floor is proportional to Ipc. Higher Ipc is necessary in a class
A circuit to handle higher swings, though lower Ip¢ is necessary to achieve
a lower noise floor. Though, higher SNR is achieved when the current is
increased because the maximum swing increases proportional to the bias
current while the noise only increases as the square root of the current.

In a class AB filter circuits, two modules will handle a little more than
180 ° of the swing each. The redundancy is necessary to avoid severe dis-
tortion when switching from one circuit to the other. If exactly 180 ° are
allocated to each sub-module, the class of operation is referred to as class
B. The most familiar class AB circuit is the push-pull output stage of an
amplifier, [21]. To design a high dynamic range, low power filter, class AB
operation must be chosen. Theoretically, the dynamic range in class AB
circuits is only limited by transistor trans-linearity.
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Differential Architecture

To have high immunity to common mode noise and to suppress second order
distortion, a differential architecture was chosen. The suppression of second
order distortion is especially important in medical ultrasound application
due to the fact that the most popular imaging method relies on generated
second harmonic energy in the reflected echo. Two main approaches have
been reported for realizing differential log-domain circuits. The first ap-
proach is based on cross-coupled inverting trans-linear cells, [2]. The other
is based on two isolated class A cells. This topology is often referred to
as the “two-filter approach”, [22]. Both architectures realize differential fil-
ters. If proper preconditioning is included in the circuits, both filters can
operate class AB. A block diagram of the “two-filter” approach is shown in
Figure 9.4.

Pre- B Compressor (| Filter Core H»| Expander ‘

IIN_PI conditioner IOUT_P

MODULE |

IOUT
(diff)
1IN MODULE ||
(diff)
IIN_N | IOUT_N

Pre- y
R — conditioner B Compressor (| Filter Core | Expander ~—>

Figure 9.4: Differential filter implementation based on the “two-filter” ap-
proach

The Preconditioning Circuit

Signal preconditioning is necessary to guarantee a positive input swing to
the filter core, [3]. This is necessary to make the core operate properly.
We have chosen the two-filter approach for our allpass filter realization.
The fundamental building block used in the preconditioning algorithm was
suggested by [7]. The dynamic range of the module was extended by the
authors in [23]. The circuit core is reprinted for convenience in Figure 9.5.

The preconditioning circuit is built around a trans-linear loop, [24], and
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Figure 9.5: Transistor level schematic of the preconditioning circuit. Cur-
rent shot noise sources, inl-in4, are included for the transistors that make
up the trans-linear loop for later analysis

implements (9.10) and (9.11):
iN = GIN1 — (N2 (9.10)

irntirne = I (9.11)

, where Ig is a quiescent current implementing the constant in the equa-
tion, i7n is the single ended input signal and i1 and i7y9 are the desired
components. The above equations make sure that the output from the pre-
conditioning circuit is always positive. Solving the equations with respect
to i7n1 and 77y respectively leads to:

. 42
4 i i
irN1 = +—12N T (9.12)
. LN i%N 2
UN2 =~ + "1 + 15 (9.13)

The ratio of i;y to igis referred to as the modulation index, M. The
two signal components produced in a preconditioning circuit implementing
(9.10) and (9.11) are shown in Figure 9.6. One signal with high modulation
index and one signal with low modulation index are shown. High modulation
index is necessary to achieve low-power consumption.

The preconditioning circuit is very often given too little attention when
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Figure 9.6: Preconditioning circuit output signal for high (lower) and low
(upper) modulation indices

discussing log-domain filters. Nevertheless, this circuit module is very criti-
cal and unavoidable in every practical class AB log-domain realization. The
main reason for emphasizing this is that even though a log-domain filter
has the potential to consume very little power, the preconditioning circuit
might contribute significantly to the total power consumption. In the end,
there is a chance that the potential profit with respect to power is lost.
The preconditioning circuit must also have better dynamic range properties
than the filter core to make sure this module doesn’t introduce a bottleneck
in the signal chain. High dynamic range very often necessitates high power
consumption, [25].

A way to improve the dynamic range of the preconditioning circuit is
shown in Figure 9.7, [23]. No extra processing circuitry except from copies
of the preconditioning output currents is needed. The increase in power
consumption is therefore very small.

Noise in the Preconditioning Circuit

The output noise of a trans-linear circuit is more complicated to analyze
than the noise from ordinary linear circuits, [26]. The main reason is the
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Figure 9.7: Preconditioning circuit with noise cancellation and increased
dynamic range

inherent non-linear behavior of the circuit and the fact that the current
flowing in the transistors changes many orders of magnitudes more than the
injected bias current. The one sided shot noise density is proportional to
the collector current and is given by

in =2qlc (9.14)

, where 4,, is the noise density in A/\/Hz, ¢ is the electron charge and I¢ is
the collector current of the transistor. The shot noise sources present in the
translinear core is labeled 4,1 — 4 in Figure 9.5. These sources are added
to equation (9.11) using the translinear principle, [24]:

(trn1 + in2) (irn2 + ing) = (Ig + in1)(IQ + in3) (9.15)

Developing this equation further and solving for i;n1 and i7y2 both shows
the conformity with (9.11) as well as the additional inter-modulation prod-
ucts:

. 1 Ina + 1 1
UIN1,IN2 =:|:[2N—(n427ﬂ)+2\/5 (9.16)
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, where D is given by

D = ify + 413 — 2irNing + 2i1Nin2 + 41Qin3+
4IQin1 + Z%4 — 2ip2ing + Z%Q + 4ip1003

From this expression, an increased, signal dependent noise level is expected.
In band, the increase in noise level will be dominated by the 2i7n (ip2 — in4)
factor. In addition to these noise components present at the output, there
will be contributions from Q5, Q6, Q7 and Q8 which are trivial to handle.

Cancellation of Noise in the Preconditioning Circuit

The architecture suggested in Figure 9.7 has one more output added com-
pared to the classic preconditioning circuit. The second output is just a
copy of the first output. The total noise found at each of the two outputs
can be decomposed into two uncorrelated components:

Z.¢2)1 = i;?)re + Z‘2621out (917)
Z%Q = i?)re + Z.?QZout (918)

, where 4,1 and i, are the total noise at outputo; and oz, respectively, ipe
is the total output referred noise from all internal components except the
noise from the output mirror transistor and iQious and ig2ou: are the noise
from the mirror transistors itself respectively. The goal is to cancel all noise
except the noise from the output transistors. Using the notation given above
and assuming a noise free source, the noise at Ioyrp and Ipyry is given
by:

i%OUTP = 7:]2)7'61 + iélout + 1:27’62 + i2Q3out (919)

-2 2 -2 -2 -2
tfTouTrN = 2pre? + ZQ4out + Zprel + ZQQout (920)

Because of the fully differential topology, these outputs will be subtracted
at the output of the filter. The total output noise coming from the precon-
ditioning circuit is then given by:

-2 -2 -2 -2 -2
ttjour = ZQlout + ZQ2out + ZQBout + ZQ4out (921)

The noise at the filter output stemming from the preconditioning circuit
alone is composed of the noise from the output transistors only. Noise
cancellation has been implemented. One can tell from Figure 9.7 why only
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noise and not the signal is cancelled. The fully differential input signal is
preconditioned in accordance with (9.10) and (9.11). The result is plotted
at the output of the module as half-wave rectified waveforms. Note how only
the positive half of the wave is transferred through the module. Especially
note the phase of the signals at the output of the module. The upper
module is swinging while the other is quite and vice versa. Bypassing the
preconditioning circuit with a copy of the input signal and adding this with
the result from both preconditioners leads to a fully differential, half-wave
rectified signals with double amplitude.

Allpass Filter Core
A first order allpass filter has a transfer function given by:

1—jwr

H(jw) = —— 9.22
(jeo) 1+ jwr ( )
To avoid the zero in the numerator (9.22) can be rewritten as:
H(jw) 2 (9.23)
w)=m —m — .
J 1+ jwr

, i.e. a low-pass filtered version of the input signal with a gain of two minus
the input signal [27]. To avoid ripple in the pass-band, all parasitic poles in
the low-pass filter must lie several decades higher than the dominant pole.
This is not a problem due to the high fr in the bipolar transistors used. A
block diagram of a fully differential, class AB, log-domain allpass filter is
shown in Figure 9.8.

| |
o1 |
o |IN Pre-

> i | | Compressor B Filter Core H| Expander
IIN_P conditioner I | IOUT_P
|

02
I N\1out
[ S———— ——— === 1 (diff)

IIN [Mobuen —~ — — —— — - 1

(diff)
03

IINN—|IN Pre-

"] conditioner
of >

|
|
| | Compressor W Filter Core P Expander ——
|

Figure 9.8: The proposed fully differential, class AB log-domain allpass filter
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A transistor level schematic of the single-ended allpass filter core is
shown in Figure 9.9 and was designed by the authors in [28]. The circuit is
an extended damped integrator as presented in [6]. The low-pass filter core
consists of C1, Q1, Q2, Q3 and Q4. The gain of two is implemented using
the scaling factors indicated in Figure 9.9. A damping current is necessary
to develop a low-pass filter from an integrator. This damping current is mir-
rored from the tune current, ITyng, using Q5 and the high swing current
mirror consisting of M9-M12. A log compressor using feedback to decrease
the input impedance while keeping the compressor input DC voltage at an
acceptable high level is used, [6]. The high DC level is very important to
keep the distortion low. It is given by Vg of Q6 plus Vgg of M1. The
input signal to the compressor flowing into the collector of Q1 is sampled
by Vg of Q6. If this current increases, Vpg of Q6 increases. When Vzg of
Q6 increases the gate voltage of M1 increases. This is necessary to keep the
current in M1 constant. The negative feedback loop is closed by connecting
the gate of M1 to the collector of Q1. M2 is a double poly capacitor used
to limit the bandwidth of the feedback factor and thereby reducing the risk
of oscillation. The same circuit topology is used to compress and inject the
tuning current, ITynE-

M7
10/0.5 10/0.5
M=8 M=4

M8

1
201 M15
M=8
/T 71 >
—>

VBIAS
[e;

Figure 9.9: Allpass filter core
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The Effect of Non-idealities on the Log-Domain Filter

Three major effects introduce non-idealities to log-domain filters. Parasitic
emitter resistance leads to a lower corner frequency but keeps the passband
ripple and gain intact, [20]. This effect will not cause any major problems
in our architecture. Though, the error introduced is absorbed by scaling the
capacitor or tuning the bias current in the integrator. This is automatically
done during design. Finite base current leads to a drop in corner frequency
and a change in Q-factor. Base current compensation was not implemented
to compensate for these effects due to the additional power consumption
added by the extra current mirrors necessary. In the application, it is of
outmost importance to keep the power consumption as low as possible. The
effect of Early Voltage leads to a modulation of the saturation current of
the bipolar transistor. The process used has an Early Voltage higher than
100V. Variation in collector current with changing Vo will occur. Luckily
in log-domain filters and in translinear circuits in general, bipolar transistors
are always biased in pairs leading to a good cancellation of the Early-effect.
A thorough and detailed description of non-idealities in log-domain filters
is given in [29]-[30].

In addition to these deterministic effects area mismatch changes the
behavior of the real filter from the ideal one. Area mismatch can be trans-
lated into a shift in the saturation current, Ig, of the bipolar transistor
which again can be translated into a shift in corner frequency, passband
ripple and gain. A highly symmetrical layout utilizing cross-connection and
common-centroid geometries will be used to minimize this effect.

Cascading Allpass Filter Cells

The architecture demonstrated in this paper and showed in Figure 9.3 cas-
cades M equal allpass filter cells. The situation with noise sources included
is shown in Figure 9.10.

[0
=]
o
[0
=]
N
(0]
=]
=z

First First en(N-1) First First
Order Order Order Order

Allpass Allpass 00O Allpass Allpass
Filter Filter Filter Filter
in1 in2 in(N-1) inN

®
®
®
®

Figure 9.10: Noise analysis of a cascade of N allpass filters
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To get the best overall dynamic range, all cells are designed to have the
same equivalent noise power. The delay-line noise figure (NF) is given by
(9.24) assuming the first cell to act as the source. This assumption is also
valid when a noisy source is connected to the delay-line having noise level
much lower than the level of the delay-line itself.

NF =10log (N) (9.24)

Provided the assumption above, equation (9.24) predicts a heavy reduction
of sensitivity and dynamic range. If NV is chosen equal to 10 the correspond-
ing NF'is 10dB. Due to power consumption restrictions, this noise level from
the signal source can not be increase as high above the noise level from the
delay-line as desirable and as would have been the case in a classical noise
scaled system. Though, a preamplifier must be included to avoid too heavy
increase in NF. A preamplifier will reduce the maximum allowable input
swing but increase the sensitivity. If we assume a source noise power nor-
malized to 1W, eight sources connected to the delay-line input and a filter
cell equivalent input noise power normalized to 1W, overall noise figure as
a function of gain in the preamplifier, total dynamic range as a function of
preamplifier gain and total dynamic range as a function of NF' is plotted in
Figure 9.11. The dynamic range of one allpass filter is assumed to be 50dB
as indicated by the dotted line in the second plot from the left. Dynamic
range is very expensive in terms of sensitivity.

An active delay-line built by cascading filters will accumulate harmonic
energy. A filter module connected to a clean, single tone input will due
to internal non-linearity generate an output with harmonic components as
shown in Figure 9.12. Higher order harmonic components will decay very
quickly and in most practical situations only second and third harmonic
distortion is relevant.

In a cascade of such modules the harmonic components generated in
one cell will accumulate throughout the complete delay-line. The output
of the last cell will contain equal amount of harmonic energy from all cells
in the delay-line taking into consideration that the magnitude response of
the allpass filter is unity in the passband. To have an overall maximum
amount of harmonic distortion in the delay-line, the harmonic distortion of
one cell must lower than the level estimated by (9.25). We assume higher
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Figure 9.11: Dynamic range and noise figure considerations in the delay-line
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Figure 9.12: Harmonic distortion in the allpass filter
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order distortion products to be negligible.

HDzoypRALL
20

HD-TMODULE = 20*log 10 (9.25)

N

In (9.25) HDzyjopuLE is the necessary x** harmonic distortion for one mod-
ule, HDzovERraLL is the desired total harmonic distortion for the selected
component and N is the number of cells in the cascade.

9.4.2 Simulation Results

The micro-beamformer has been designed from the preconditioning mod-
ules and the allpass filter circuits. Simulations are first carried out on the
preconditioning module, then on the allpass filter cells and finally on the
complete micro-beamformer.

Comparison of Noise in the Preconditioning Circuits

The translinear circuit was simulated using the periodic steady state noise
(PSS and PNOISE) analysis included in SpectreRF, [31]. This analysis tool
takes into account any non-linear behavior. The output noise of the classical
preconditioning circuit and the modified, increased dynamic range circuit
was compared. The result is shown in Figure 9.13. The frequency of the
input signal was SMHz.

Notice the noise peaks due to inter-modulation in the specter at SMHz
and 6MHz as predicted in previous sections. SNR calculations in the pre-
conditioning circuits assuming a bandwidth of 20MHz are listed in Table 9.1
and Table 9.2.

Table 9.1: SNR in original preconditioning circuit

Lin lovr_pirr | inour SNRour
1.00pu Apeak 0.59uApeak | 1.9pA/\/Hz | 34.2dB
4.75 Apeak 2.83uApeak | 2.1pA/\/Hz | 46.7dB
8.50u Apeak 5.07uApeak | 2.3pA/\/Hz | 50.7dB
12.25u Apeak 7.03uApeak | 2.6pA/\/Hz | 52.7dB
16.00p Apeak 9.50puApeak | 2.8pA/\/Hz | 54.6dB
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Figure 9.13: Preprocessor output noise, I;y = luAppax, 4.75uApEaK,

8.5uApEaK, 12.25uAppak and 16pAppax

Table 9.2: SNR in new preconditioning circuit. Last column reports increase

in SNR
Iin lovr_pirr | inour SNRour | ASNR
1.00p Apeak 2.0puApeak | 1.3 pA/y/Hz | 47.5dB 13.4DB
4.75p A peak 9.5uApeak | 1.5 pA/\/Hz | 60.1dB 13.4dB
8.50u Apeak 17.0uApeak | 1.7 pA/\/Hz | 63.9DB | 13.1dB
12.25pApeak | 24.5puApeak | 2.0 pA/y/Hz | 65.9dB 13.1dB
16.00uApeak | 32.0puApeak | 2.2 pA/\/Hz | 67.2dB 12.6dB
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The output swing of the classical architecture is effectively divided in
two because of the implemented function. Negative swings are more or less
clamped to zero. Close to 6dB output-power is literally thrown away. The
extended configuration first reinserts this loss and then again nearly dou-
bles the output swing. In addition to this, the architecture by its nature
performs noise cancellation as described in previous sections. The SNR. of
this architecture is therefore increased both due to higher output swing and
to lower output noise. The increased in SNR comes at a penalty of 15%
higher power consumption. The quiescent power consumption of one clas-
sical preconditioning circuit with no input signal is 6.6uA*2.5V = 16.5uW.
The power consumption in the extended circuit is 7.6uA*2.5V = 19uW
assuming I = IpuA.

Allpass Filter with the Preconditioning Circuit Connected

The core module of the delay line is the allpass filter. The micro-beamformer
architecture demonstrated here dictates that anything from one up to the
maximum of all transducer signals might be connected to the same allpass
filter cells. The allpass filter is therefore simulated for two extremities,
one and maximum preconditioning circuits connected to the input. The
maximum number of input signals is in this example set to 16.

One Preconditioning Circuit at the Input

The frequency response was simulated for three different signal levels using
the Periodic AC (PAC) tool in SpectreRF. The result is shown in Fig-
ure 9.14.

The gain was found to change from 0.15dB to 0.20dB (delta gain of
0.05dB) at 8MHz when the amplitude of the input signal changed from
AuApgar to 16uAppak. All results are listed in Table 9.3.

A systematic gain error of ~0.2dB was found in the filter mainly due to
base current. Base-current cancellation will remove this error. As predicted
in previous sections, the output noise level is expected to vary as a function
of signal amplitude. The output noise for I;xy = JuAprar, 10uApparx and
16uAppax is plotted in Figure 9.15.
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Figure 9.14: Frequency response: one pre-conditioning circuit at the input,

IINn=4pAppark, 10pAppak and 16pAppak

Table 9.3: Simulation results of the log-domain allpass filter with one pre-
conditioner, Vpp=2.5V, Ipyng=40puA, The fundamental frequency was

3MHz
Irn [,LLAPEAK] 4 10 16
Tour [ApEArK] A1 10.2 16.2
Ipp QuiesceEnT [1WA] 380 380 380
Pouriescent [mW] ~ 1 ~1 ~1
as [dB] @ f = 3MHz 0.15 0.17 0.20
Group delay [ns] @ f = | 56.4 56.4 56.4
3MHz
Iyorseouvr) [PA/vHz] | 8.6 9.7 11
@ f = 3MHz
Output dynamic range | 37.5 44.4 47.3
(dB]
Third harmonic distor- | -52 -43.4 -41.8
tion [dB]
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Figure 9.15: Allpass filter output noise with one preconditioning circuit
connected to the input, I[;y=4uAprpak, 10uAprpax and 16pApEax

Sixteen Preconditioning Circuits at the Input

A simulation where 16 input channels are connected to one allpass fil-
ter was carried out. The resulting output-swing is shown in Figure 9.16
(64pApEpak, 160uApEak and 256pApEAKk).

FEach input channel has its own preconditioning circuit. The global dy-
namic range was found to be 63.8dB. The simulated frequency response for
the same three signal amplitudes is shown in Figure 9.17. The output noise
is shown in Figure 9.18.

The group delay is constant and approximately 57.5ns at 3MHz. The
results are summarized in Table 9.4.

The Micro-Beamformer

A micro-beamformer as described in Figure 9.3 was designed. A transient
analysis was carried out to prove the concept. Four input signals having an
incremental delay of 60ns were connected to the beamformer. The input
signals are plotted as dashed traces in Figure 72.

A proper cross-point matrix configuration was established to align the
four input signals. The beamformed output signal is shown as the solid line
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Table 9.4: Simulation results of the log-domain allpass filter with sixteen
preconditioners, Vpp=2.5V, Irynpg=40uA, The fundamental frequency
was SMHz

Iiv [uAppaKk] 4*16 = 64 | 10*16 = 160 | 16*16 =
256

IppQuiescent)mA] 0.83

Ppuiescent) [mW] 2.08

IDD(AVE'RAGE)[mA] 0.89 1.13 1.40

Pp(avErAGE) W] 2.22 2.82 3.50

A; [DB] @ 3MHz 0.21 0.19 0.15

GROUP DELAY [NS|] @ F | 57.3 57.3 57.3

= 3MHz

Inorseour) [PA/vHz] D | 26.1 42.1 60.5

SNR [dB] (BW=20MHz) | 51.8 55.6 56.5

Global dynamic range | 51.8 59.7 63.8

dB)

(BW=20MHz)

Third harmonic distortion | -52.3 -44.9 -44.9

dB]

D Inorseoury with a very small input signal was

~26.0pA //Hz
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in Figure 72. A summary of the performance is listed in Table 9.5.

Table 9.5: Simulation results of the 4 channel, 4 delay-cell, log-domain
pbeamformer. Vpp=2.5V, Irynyp=40uA, The fundamental frequency was
3MHz

Irv [rAPEAK] 2 8
lovr [HAPEAK] 8 32
IppuiescenT)mA] | 1.17
Ppuiescent) 2.93

[mW]

IppavERAGE)(MA] 1.18 | 1.26
PD(AVERAGE) [mW] 2.95 | 3.15
InorseouT) 15.8 | 19.0
[pA//Hz] Y

SNR [dB] | 38.1 | 485
(BW=20MHz)

Global dynamic range | 38.0 | 50.1
[dB]

D Inorse(our) With a very small input signal was ~15pA//Hz

Due to the strongly signal dependant noise level, a PSS/PNOISE anal-
ysis was carried out to calculate the dynamic range. The output noise
level is plotted in Figure 9.20. At 3MHz, the output noise is 15.8pA/\/Hz
and 19.0pA/\/Hz for signal amplitudes of 2uAprpax and 8uAprax respec-
tively. The output SNR is $8.1dB and 48.5dB respectively for a bandwidth
of 20MHz.

9.5 Conclusion

A fully differential, class AB, log domain micro-beamformer has been de-
signed. The demonstrated micro-beamformer consists of threecascaded de-
lay cells and four input signals. All inputs can be connected to an arbitrary
delay tap on the delay-line with the help of a cross-point matrix. The global
dynamic range at the output of the delay-line is found to more than 50dB
at a power consumption of 3.2mW. Class AB, log-domain filters is found
to be well suited for medical ultrasound applications due to the fact that
the received signal amplitude in an ultrasound system is low during a major
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Figure 9.20: Signal dependent beamformer output noise

part of the reception period.
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10.1 Abstract

We demonstrate an extremely efficient simulation framework to model a dis-
crete time micro-beamformer system. Functional operation is verified and
the performance limitation due to jitter and gain-mismatch is highlighted.
We construct the framework using the systemC class library and simulation
kernel. SystemC is an extension to C++ that enables verification of hard-
ware designs. A unique analog extension class is added to the systemC core.
This class is known as AEC and allows modeling of mixed-signal behavior.
The goal of systemC is to take advantage of the high execution speed that
results from compiled code and then use this to generate an executable
specification.

Index Terms—Analog front-end, CMUT, low power, mixed-signal sim-
ulation, micro-beamforming, SystemC.

10.2 Introduction

It is believed hat more than 80% of sudden heart attacks are caused by
rupture of vulnerable plaques leading to the formation of blood clots and
subsequent coronary stenosis and infarction. Techniques which could dis-
tinguish between plaques of different kind is therefore of great interest. This
paper describes system level analysis of an intravascular ultrasound imag-
ing system using SystemC. SystemC is a C++ extension library offering
features like structural description, concurrency, communication and syn-
chronization and is perfect for discrete time analysis. The imaging system
described is constructed using CMUTs for signal sources, [1], and clocked
mixed-signal microelectronics to realize the active modules. The sampling
frequency is 120MHz and the signal center-frequency is S0MHz To be
able to construct an array imager, some signal processing must be carried
out as early as possible in the signal chain. A module capable of doing
this is referred to as a pbeamformer. The pbeamformer must reduce the
number of signals without losing information. A direct beamformer imple-
mentation adds up a number of signal channels, each having an individual,
programmable and dynamically updatable delay. This operation can be
done both in the analog and in the digital domain. Digital beamforming
offers much higher flexibility than the analog counterpart. Analog signal
processing is far more power efficient due to the fact that one can avoid
high speed, high dynamic range analog-to-digital converters. Analysis of
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analog sub-systems is traditionally carried out in SPICE. When the num-
ber of transistors exceeds several thousands the simulation time increases
dramatically. A system as described above will contain several tens-of-
thousands discrete circuit elements. Architecture-level SPICE simulations
become very time consuming. SystemC offers a much better framework to
simulate such a system by using compiled code. Simulation time is strongly
reduced. A discrete time pbeamformer using a ring buffer of capacitors
to sample and hold the information constructs the core of the system, [2].
This is an extremely power efficient way of temporarily storing a history
of the analog signals. The presented architecture assumes a source bank
of 16 CMUT elements in each pbeamformer. Based upon beam-steering-
angle and focus a channel dependent delay is calculated. Each pre-amplifier
is connected to a capacitive ring-buffer. All ring-buffers are connected and
added to a common, clocked, low-input impedance amplifier. Read out from
the ring-buffers is controlled by the desired steering-angle and focus. The
system level analysis demonstrates functionality and estimates chip area.
We demonstrate the effects of mismatch and jitter by using the simulation
framework.

Figure 10.1: The CMUT array located in the tip of a catheter

10.3 System Overview

The imaging system described and specified by our systemC framework will
be placed in the tip of a catheter as shown in Figure 10.1. The active
aperture of our imaging system is rectangular with a major axis of 1.29mm
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and a minor axis of 0.89mm. The CMUT elements have a dimension of
25um x 25um, [1]. The aperture will consist of 43229 elements. The signal
processing carried out on a sub-group of CMUT elements is described by
(10.1).

M
xBF(t) = Zwixi(t—ti) (10.1)

In this equation, ¢ is the input channel, M is the total number of channels
to be processed, w; is a channel specific weight used for appodization, x;
is the input signal and t; is a channel specific delay. We show a generic
implementation of equation (10.1) in Figure 10.2, [2]. The channel specific
weight, w;, is controlled by the preamplifiers while the channel specific delay,
t;, is controlled by the number of capacitors and the sampling frequency.

Generic_uBF_SC

RealTimeSigGenSC

[eNeNe]

ou| our| ou|

DigitalControl

SummationModuleSC ModuleSC

3
v

Figure 10.2: A generic discrete pbeamformer architecture
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10.4 Overview of the SystemC Simulation Frame-
work

Several approaches for mixed signal analysis is commercially available. A
mixed-signal chip was simulated in [3] by adding an analog extension to
the Verilog framework. A similar approach using VHDL was demonstrated
in [4]. Both approaches are flexible and effective, though costly. The C
programming language was used in [5] to reduce cost. Several different C
compilers are freely available. The code is also very efficient with respect
to execution time because of the compiled code. The goal of the systemC
approach is to use the best from the approaches mentioned above. An
overview of the systemC environment is drawn in Figure 10.3. Basic sys-
temC as it is available from the http://www.systemc.org does not handle

mixed-signal analysis, [6]. To handle this, an analog extension class known
as AEC has been developed by a group at the Norwegian University of
Science and Technology, [7].

AEC adds necessary analog functionality. The AEC class has been used
extensively in the design of the ubeamformer framework demonstrated here.

10.5 Designing a Simple Delay-Cell Using SystemC

A very important building block in any beamformer is the delay element.
In the architecture described in this paper, a capacitor is used to sample
and hold the signal. The holding phase effectively implements delay. The
method is shown in Figure 10.4. The amount of delay is given by the
difference in number of clock cycles between the activation of the sampling
pin and the dump pin. The number of capacitors connected together forming
a ring buffer controls the maximum delay.

A very simple SystemC model of the delay-cell is listed Table 10.1. We
tell the systemC core that we want the DelayCellSC class to behave as a
systemC module by letting the class inherit properties from the sc_module
class. Ports for communication with other modules are defined by sc_in
and sc_port. Data-types from the analog-extension class have been used to
define the analog input and output ports. The DelayCellSC object will be
activated every time a positive transition occurs on the sample or dump
input.
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Table 10.1: Delay-cell implementation in SystemC

#include <stdio.h>

#include <systemc.h>

#include <aec.h>

class DelayCellSC : public sc_module
{
public:

sc_in<bool> sample;

sc_in<bool> dump;

sc_port< aec_analog_in<aec_voltage> > IN;
sc_port< aec_analog_out<aec_voltage> > OUT;
SC_CTOR(DelayCellSC)

{
SC_METHOD (Samplelnput);
sensitive_pos << sample;
dont_initialize();
SC_METHOD(DumpCapValue)
sensitive_pos << dump;
dont_initialize();

}
void Samplelnput() { IN->read(&_value); }
void DumpCapValue() { OUT->write(_value); }
private:

aec_voltage _value;

%
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Delaycell

Figure 10.4: - The delay-cell used in the modeled pbeamformer

10.6 Functional Behavior

We simulated a ubeamformer having 16 inputs. Each signal from the source
was given an incremental delay of 10ns starting at Ons and ending at 150ns.
This is visualized in the upper part of Figure 10.5. We configured the
pbeamformer to re-align the signals and add them together. Gain in the
preamplifier is increasing from -26dB to +14dB over a period of Ius. The
amplitude of the input signals was incremented 1mV/channel starting at
20mV pgar and ending at 35mV ppak. The output amplitude is expected
to be (16 * 20mV ppax + 8 * 15mVppak) = 2.2Vpparx. We assumed
perfect channel match and clock-jitter equal to zero for this simulation.
Result from the simulation is plotted in the lower part of Figure 10.5.

10.7 Analysis of Non-idealities

One of the main reasons for using SystemC in the analysis of large systems
is to in a very effective way, predict the effect of non-idealities and to check
that the system specification is possible to design.

10.7.1 Jitter and Gain Mismatch Analysis

Clock jitter is an uncertainty in the instants of clock edges. Jitter in clocks
arises mainly due to the non-idealities such as phase noise in the case of



10.7. Analysis of Non-idealities 203
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Figure 10.5: - Beamforming of 16 input channels. Upper plot: all input sig-
nals. A small offset has been added to better visualize the delay. Lower plot:
Each individual delay-line output signal and the output of the beamformer

on-chip oscillators and device noise [8]. Clock jitter is one of the limiting
factors for accuracy and speed in the applications that require clock [8].
Applications that use the clock such as sampling circuits and A /D converters
demand a clock with perfect rising and fallings edges without any jitter.
Jitter in the clocks is an undesirable quantity and it causes errors in the
sampled signals. For example, in the case of voltage sampling, error due to
the jitter, dto, for the instantaneous voltage of the sine wave A,sin(2rft) is
given by [9]:

V2.1 f-Ay - Sty (10.2)

The corresponding SNR is given by:
SNR = —20log(2-m- f - dtp) (10.3)

One way to reduce the impact of jitter is to use crystal-based clocks. Such
clocks possess the lowest jitter. The impact of clock jitter on system level
performance of the discrete time micro-beamformer is studied. To better
visualize the effect, a clock jitter of Ins was turned on at t=150ns. The
output from the simulator is plotted in Figure 10.6. A very useful feature
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that comes with the designed simulation model is the ability to turn on and
off the different non-idealities during simulation.

Effect of Jitter
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Figure 10.6: Analysis of non-idealities. Upper plot: the effect of jitter.
Lower Plot: the effect of gain mismatch in the preamplifier

To save power, each preamplifier must draw as low current as possi-
ble. This will lead to limited open-loop gain. Limited open-loop-gain leads
to a variation in the absolute gain. The channel-to-channel variation was
analyzed using the designed framework. Gain mismatch was turned on at
t=150ns. The output is shown in the lower part of Figure 10.6.

10.8 Conclusion

We have constructed a very effective simulation framework to be used in the
evaluation of different pbeamformer architectures. The framework is very
fast and flexible and generates an executable requirement specification. This
increases the probability that the specified system is possible to construct.
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Chapter 11

Conclusion

We have focused on design of analog, low-power modules for medical ul-
trasound imaging in the research presented in this thesis. First we looked
at delay-cells realized from log-domain allpass filters. Then we focused on
low-noise, variable-gain amplifiers.

11.1 Log-Domain Allpass Filters

When we started to design log-domain delay cells as described in paper
A, B and C, our hope was that this could lead to very power efficient,
high dynamic range implementations of a delay line. The main limitation
in the way we use the log-domain allpass filter in this thesis is the severe
deterioration of noise figure when several cells are connected in series. This
topology is not well suited for high performance imaging systems. Because
of the inefficient use of the delay-cell, a prototype was never built. Another
concern is the effect of signal-dependant noise on image quality.

Future work should focus on

e finding alternative ways of using allpass-filters to construct delay-lines
e analyzing the effect of signal-dependent noise on image quality

e increase dynamic range of the pre-processors

207
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11.2 Low-Noise, Time-Gain Compensated Ampli-
fiers

When designing amplifiers intended used in next generation medical ultra-
sound systems, the major challenge is to keep very low power-consumption
at the same time as sensitivity and dynamic range is maximized. A single
stage cascade-amplifier connected in a charge sensitive, negative-feedback
configuration results in a very low-power, high performance solution. The
problem is to add continuous, variable gain to the high performance circuit
without compromising performance.

In this thesis, we’ve proposed a systematic method that enables continu-
ous gain control of any fixed-gain amplifier. The method is based on adding
active feedback to the fixed feedback network. The active feedback must
be compatible with the amplifier impedance levels. For a trans-impedance
amplifier, this means adding an adjustable trans-conductance stage in the
feedback loop.

The first circuit implementation presented in this thesis adds 12dB gain
adjustment to a 26dB fixed gain amplifier at the cost of 250u W. Performance
of the fixed gain amplifier is close to unaffected by the added circuitry. Dy-
namic range is also constant when moving from minimum to maximum gain.
The amplifier has the lowest reported power consumption of the amplifiers
studied in the literature review.

The biggest challenge with the design is gain variation due to process.
A similar design utilizing the proposed method has been in full produc-
tion for years. Out of over eight million amplifiers produces, minimum
gain is reported to vary between 14dB and 18dB. A way to tune the trans-
conductance cell must be implemented to better predict absolute gain. Tun-
ing by adjustment of bias-current should be avoided to affect overall power
consumption.

Another weakness of the circuit is the relatively low gain-adjustment
range of 12dB. This is somewhat low for medical ultrasound applications.
Instantaneous dynamic range of 58dB at the cost of 450u W is also not very
impressive and should be increased in future design.

In short, future work should focus on

e Stabilization of gain versus process variation

e Increasing the absolute gain control range
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e Increasing instantaneous dynamic range while keeping power con-
sumption

e Keeping noise floor constant utilizing dynamic biasing

When we designed the second LNA presented in this thesis, the goal
was to increase gain range by introducing positive feedback to the active
feedback network. The goal was to have a more linear relationship between
added power consumption and gain compensation. We were relatively suc-
cessful on this. We were able to reach a compensation range of 15dB at the
expense of 1.ImW. Every 100mW of added power consumption resulted
in approximately 1.5dB gain compensation. Overall power-consumption is
much higher then in the firsts design. Though, our main goal was to prove
the concept of positive feedback in the active feedback network.

Sensitivity to process variation is the same for the second design.

Future work should focus on

e Stabilization of gain versus process variation
e Reduce power consumption
e Design gm-cell with higher input range

e Design low-power, more efficient summation stage
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Chapter 12

Appendix A — Comments to
Paper C

12.1 Calculation of Input and Output Impedances

Input impedance and output impedance are also easily found from funda-
mental mesh or nodal analysis. The expressions are derived here to better
identify a way to introduce gain control to the fixed gain amplifier. For sake
of experiment we have utilized Blackman’s impedance formula as described
by Rosenstark in [15] and originally proposed by Blackman in [16]:

(14 Tsc_aB)

(1+Toc_aB) (12.1)

Zap = Zhp
In (12.1) Zsp is the impedance between the nodes A and B in a negative
feedback-circuit, Zg g is the impedance between the same two nodes with
the controlled source set to zero (here this means setting A(s) to zero),
Tsc ap is the return ratio referred to the controlled source with A node
short circuited to B node. Finally Tpoc_ap is the return ratio referred to
the controlled source with an open circuit between A and B node. The dif-
ferent intermediate expressions together with the final expression for input
impedance and output impedance are listed below. The source impedance,
including the coupling capacitor Cry, is not included in the equations to
emphasize the fact that we're designing a trans-impedance amplifier.

Zin = Zill (ZrB + Zour) (12.2)
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Tscin=0 (12.3)
Z;

Zi+ ZrB + Zour

Zi - (ZrB + Zour)

Toc.in = A(s)

(12.4)

ZIN = 12.5
N Zi+ Zrp + Zour + Als) - Z; (12.5)
ZrB + Zour
7 = 12.6
Zour = Zouvrl| (Zrs + Z1n) (12.7)
Tscan =0 (12.8)
Z.
T =A ‘ 12.9
ocIN (s) Zi+ ZrB + ZouT (12.9)
Zovr - (Zrp + Z;)
Zour = 12.10
OUT = Zour + Zrp + Zi + Als) - Z: (12.10)
Zourt
ZoUT| 7,00 = T+ A(s) (12.11)

In the real implementation the reduction in output impedance is somewhat
limited because the assumption that Z; goes to infinity does not hold. Keep
in mind that this impedance is the parallel connection of the amplifier in-
trinsic input impedance (the impedance seen looking into the gate of the
main stage) and the source impedance. Source impedance will in a typi-
cal application be several kilo-ohms. Because of this a separate, inherently
low-output impedance common drain stage was added at the output of the
core amplifier, see (4 and @5 in Figure 21.

12.1.1 Signal Polarity of Voltages and Currents

Getting the polarities in the different sub-circuits right is a challenge. A
comment is required to better understand the interconnection between the
modules and the usage of positive / negative input nodes. This is given in
the section below.

Original Design

The first continuous gain controlled LNA was based upon the idea of trying
to steal the current flowing into the impedance element connected between
signal source and the virtual ground node of the LNA. The current flow-
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ing in the gain control circuit must therefore have the same phase as the
current in the fixed feedback loop. When the current flowing into the cou-
pling capacitor on the input is increasing, the current flowing into CC in
Figure 6.12 from the virtual ground node must be increasing. If so, signal
is effectively stolen and less current is flowing to the output node to pro-
duce voltage swing. Electrically this means that the equivalent feedback
capacitor is larger. In the original design in Figure 6.12, the output goes
negative when a current in pushed into the fixed feedback network from
the virtual ground node. To be able to do gain compensation, a negative
voltage swing must therefore sink, not source, current in the gm-cell. This
is achieved by connecting the LNA output node to the positive control node
of the trans-conductor.

Design with Positive Feedback

In the new design, the same rule applies: when the LNA output node goes
negative, the gm-cell must sink current. To sink current, the positive input
of the gm-cell must go negative. For the gm-cell positive input node to
go negative, current must be pushed from the virtual ground node of the
summation amplifier into the resistive feedback. This current is the sum of
the current flowing from the extra output of the core LNA and the extra
output of the gm-cell. Both sub-circuits should source current to the sum-
mation amplifier. Sourcing current in a time period when the core-LNA
goes negative actually means that the current in the original output and
copied output have opposite phase. This is also the case for the output
of the gm-cell. Current inverter circuits must me incorporated at the extra
current outputs in both the core-LNA and the gm-cell. The current-inverter
circuits can be seen as Q7-Qi2 in Figure 21. Signal polarities are inverted
using current mirrors. To avoid AC coupling, the bias current is removed
by subtraction.
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Chapter 13

Appendix B — On
Fundamental Log-Domain
Theory

This section contains comments to the log-domain circuits used in paper
D, E and F. The fundamental theory necessary to construct a log-domain
integrator is presented. The details explained below makes it easier to un-
derstand the circuits and concepts presented in paper D, E and F.

13.1 Basic Principle of Log-Domain Filters

Log-domain signal processing is based on the idea of doing internal non-
linear but external linear filtering utilizing non-linear building blocks. The
concept is shown in Figure 13.1.

Linear Filtering

" Compressor — Non-Linear — Expander ouT
P Filtering P

Figure 13.1: Principle of log-domain filtering

It is believed that overall power consumption is reduced because energy
is not dissipated on linearizing non-linear devices. The main building block
in most published log-domain filters is the bipolar transistor or MOSFET's
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operating in weak inversion. This is because of their exponential relationship
between current and voltage. For more details about log-domain integrators
and filters, see [1], [2] and [3].

13.1.1 Building the Log-Domain Integrator

A current mode integrator is described by (13.1) and (13.2).

1
fout = — /zn - dt (13.1)
diout 1 .
= —lin 13.2
dt TZ ( )

In (13.1) and (13.2) dgy is the output current, é;y, is the input current and
T is the time-constant of the integrator. We assume the expander to be a
continuous, strictly monotonic function. Output current from the expander
is given by (13.3).

lout = f(U) (133)

The two quantities iy, and f(v) can be found in the right part of Figure 13.2.
Here, the trans-conductor represents the expander. An internal, compressed
voltage, v, is expanded according to a function f(v) into the output signal,
iout- The derivative of (13.3) with respect to time is shown in (13.4).

diout o dv
a W

(13.4)

Using a capacitor, C, to do integration, the current flowing into the device
is given by (13.5).
o= (13.5)
ic=0— .
©T Yt

To express the integration-current, i¢, as a function of the output-current,
(13.4) is inserted in (13.5). The result is shown in (13.6).

. diout 1
=C—— ——= 13.6
CTETAE () (13.6)
Equation (13.2) is next inserted into (13.6) leading to (13.7).
C 1
(13.7)

iC:;'iin'm
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An implementation of the integrator described above is shown in Figure 13.2.
This figure does not assume any specific compression / expansion function-
pair.

Clt

in e, ) lout

Figure 13.2: Block-diagram of the log-domain integrator

Next, we assume compression and expansion to be realized using bipolar
transistors. Collector-current, 4., versus base-emitter voltage, v, in the
bipolar transistor is given by (13.8).

iout = I - {exp <‘2) - 1} =~ [ - exp <‘2) (13.8)

In (13.8), Ig is the saturation current and V7 is the thermal voltage. The
derivate of current with respect to voltage is shown in (13.9). This expres-
sion is equal to f/(v).

diout IS v iout

el 9
== = }([) P—— = 1 .

(U) dv V T ¢ ( V T ) V T ( 5 )

If we insert (13.9) into (13.7) we get an expression connecting the input-
and the output signal.

C :
ic =2 i L = [y (13.10)
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In equation (13.10), Iy is a constant equal to C * Vp /7.

Expression (13.10) is easily implemented using a trans-linear loop. A
damped integrator is realized by adding a fixed current, Ipaap to the
(13.10). 4

. (2
(ic + Ipamp) = Io— (13.11)

Lout

Implementation of (13.10) is relatively straight-forward utilizing trans-linear
circuit theory. Circuit implementation is found in paper D, E and F.
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