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Abstract

Electronic systems for collecting measurements in harshemote environments face
special challenges that often require custom designs. Tkesystems must have the
power capacity, data storage, and robustness to record higtielity data for many
months with no human contact. In this work, an integrated prampli er for a mag-
netic sensor is designed to satisfy the size, weight, powéemperature, and noise
speci cations for long term deployment in Antarctica. The bw impedance magnetic
antenna (1 {1 mH) requires a low input impedance ampli er and operates in the
VLF (Very Low Frequency) range (50 Hz{30 kHz). Atthese low fequencies, 1f noise
becomes the dominating issue that limits performance. Du® tthe higher 1f noise
corner of MOSFET devices, only bipolar-junction transistes (BJTs) must be used in
noise-critical parts of the design. Because of recent ingst in BJTs for their superior
performance at high frequencies in the gigahertz range, thare becoming available in
the fabrication processes for integrated chips. With thesgew opportunities for using
BJTs in integrated designs, low frequency ampli ers used itow noise applications
can be integrated for the rst time. In this thesis, a low imp&ance custom ampli er is
presented that was implemented in National Semiconductord@poration's BICMOS
process which meets the impedance and temperature requieamts while achieving
2 pA/IO Hz current noise in band with only 5 mW of power. This noise l&} corre-
sponds to a magnetic eld noise of 0.25 fT/ Hz for the loop antenna that is used for
this application. The ampli er is eld tested at the South Pole, successfully collecting
data suitable for science research.
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Chapter 1

Introduction

1.1 Project Overview

Low frequency electromagnetic waves have long wavelengtiusd can travel far dis-
tances, both along the surface of the Earth and along the magtic eld lines up
into the ionosphere. By observing these signals in the 50 F&f kHz range, gener-
ated either by lightning or large transmitters, valuable ifiormation is obtained about
lightning, the ionosphere, and the near-Earth space envinment [40, 56]. Since there
is so much manmade noise in this frequency range, and sinceekhng is di cult, the
receivers used to detect these signals are often located @mote areas far from power
lines, generators, and other electronics [32, 53]. One ofktlhest locations of scien-
ti c interest is near the South Pole and other locations in Amarctica [18]. Since the
mid-to-high latitude magnetic eld lines of interest, and the electromagnetic waves
that follow them, intercept the surface of the Earth near theSouth Pole, a receiver
located there can detect signals generated in the Van Allemdiation belts [46, pp.
51-54], which is a region of near-Earth space of particulacienti c interest.

For this dissertation, a magnetic receiver system was desil that is capable of
detecting such signals in Antarctica by operating unatteneld for an entire year. Mag-
netic receivers are used to detect these waves instead ofcele receivers because
they have better noise performance at low frequencies. Alsiiey are less a ected
by nearby metallic structures and do not require a ground ple. The inhospitable

1



2 CHAPTER 1. INTRODUCTION

environment and lack of power source make it di cult to build durable equipment
that is also sensitive. Additionally, all travel is done by &planes specially tted for
landing on snow, making it very expensive to service thesemete sites to replenish
the power supply renewal or for maintenance.

The receiver system designed and constructed during the c¢ee of this work
replaces an older system used at several Antarctic sites wihiwere deployed in the
early 1990s, described in [41]. By reducing the cost of depieent and maintenance,
many more sites can be added to the program to provide a cleangicture of the
natural electromagnetic wave environment near the South Ra Because of all of the
technological advances over the past 20 years since the oldgstem was developed,
the new system required a complete redesign to incorporatkeet currently available
parts, resulting in a much more compact, low power design.

1.2 Magnetic Receiver System Redesign Goals

The previous system (described in detail in [41]) uses abodtW of power during
operation, and one of the major expenses of the research paog is ying the fuel
to these sites. Therefore, the rst major goal for the redegh e ort is to reduce the
power so that the whole system can last for a year on a singld sé batteries. With
su cient data storage, the new system can operate for a fullgar with no maintenance.
Additionally, no extra power is used to heat the electronigsand instead the system
must survive the much colder temperatures.

Next, the electronics in the old system are stored in a smallehted hut that
is shared with other projects. These huts are very expensite build because all
of the parts have to be own to the remote receiver site, and #n it takes several
days for the construction. The number of sites is limited to mly seven, but with
a smaller receiver that could be deployed more quickly, theumber of sites could
be greatly expanded. Therefore, the second main goal of thgstem redesign is to
reduce physical size so that each system can be deployed witkeveral hours, and
require only a single airplane trip. The temperature in Antactica varies widely, and
can swing from -15C to -80 C, making it di cult for the batteries and electronics
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to maintain their performance. However, if the electronicare buried only a few feet
in the snow, the temperature stays near -5& year round. With careful insulation,

the electronics can be kept warm enough to function. Since dhnoise from digital
electronics can interfere with the antenna's sensitivitythe small preampli er will be

buried directly under the antenna, while the digital box wil be buried up to 200 ft
away. Therefore, the whole system consists of an antenna,epmpli er box, cable,

and digital box which includes the batteries.

The noise of the system ideally should be below atmospherioise so that all
interesting signals would be captured. However, the atmolsgric noise can be as low
as 120 fT/p Hz at 80 Hz and 1.5 fT}D Hz at 1 kHz [6]. Therefore the noise oor of
the system should be less than 1 f'IE}E in order to detect all of the signals above
the atmospheric noise oor.

These goals require a complete redesign of the analog, digitand power supply
of the system, as well as adding thermal insulation. This tlsts describes the analog
front end portion of the project, with emphasis on the preamlper design.

In order to minimize the physical size and weight of the preapfi er, to meet the
project goals described above, the preampli er will be inggated onto a chip. The
previous preampli ers used in the old system used discreteagis, so this project is
the rst time the preampli er is integrated onto a chip. Additionally, by reducing the
numbers of parts and solder connections, the new preamplr &vill be faster to build
and will be more robust throughout the mechanical and tempature strain during
shipping, deployment, and operation.

1.3 Previous Magnetic Sensors

There are a variety of magnetic sensors currently availabl®r both research and
commercial use. The sensors most relevant for this projecteapresented below.
Typically these designs are not constrained by our strict peer, sensitivity, and weight
requirements, hence they are found to be unsuitable for thresearch project.
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1.3.1 Magnetic Sensors in Neural Research

Traditionally, the measurement of the magnetic elds cread by nerve signals was
performed using a toroid and a high impedance ampli er withdedback [11]. This
system does get fairly good noise performance with a 100 inpimpedance, however
the noise gure increases dramatically at lower source regances. An older neuron
detector [19] uses CMOS probes and preampli ers to detect umal signals between
100 Hz to 6 kHz with an amplitude up to 500 V. Since CMOS devices are very noisy
below 1 MHz, a BiCMOS preampli er with a 2.5 V supply for 1 V nerve signals
has been developed [39]. Additionally this design uses a higput impedance circuit
and expects a 1 k input resistance. Decreasing the input imgdance further with
this approach would result in serious instability issues.

Another solution which also uses a toroid described elsewbg54]. Here a high
input impedance ampli er with feedback is used, achievinglD nA/" Hz current noise
at 1 kHz with a 1 source impedance, which is much too large fothis application.
Additionally, no information was given on the power consumton, since it probably
was not a design priority. Most current neural research witta noninvasive probe
requires the use of a high input impedance system with a cafitage probe, for example
[17] and [33]. Since the magnetic sensors have a low impedgrtbese neural sensors
can not be used for this application.

1.3.2 SQUIDs

SQUIDs (Superconducting Quantum Interference Devices) @used to measure small
magnetic elds using a small loop antenna. These sensors afesigned for low fre-
guencies € 10 kHz) and can achieve very low noise, usually in the range bfT{50 fT
(sample systems include [9], [1], [58], and [7]). One padlarly relevant application
of a SQUID sensor is for mapping of underground features ofdticarth [30], achieving
a noise level down to 50 fT/sqrt(Hz), which is still above thel fT/~ Hz needed for
this research.

Since all of these devices require a very low operating temmatire (0.3 K{77 K)
to achieve the superconducting state, they require speciaboling equipment and
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liquid gas. A receiver system that is deployed in a remote lation without access to
external power can not accommodate the power consumption@mweight to maintain

the operating temperature, much less the supply of liquid ga Additionally, this

cooling equipment can cause noise problems in the range of1®D fT/ Hz [36].

1.3.3 Low Frequency Magnetometers

An early magnetometer is described in [23] where a ferriteit® used to detect elds
at 15 mT between 1.6 kHz and 50 MHz. In 1980, a system of threencentric loops
was developed to achieve sensitivities down t0200 dB Gauss? Hz (1 T/ pm)

at 100 Hz [27]. Another magnetometer was developed withoutteansformer for a
high resistance (4.12 k) air coil, achieving 130 fTP Hz sensitivity at 20 Hz [10]. A
more recent design achieves 40 fT/sqrt(Hz) with a ferrite ae coil, using feedback
for impedance matching [36]. However, none of these systeare low power, and
feedback systems are less robust with large temperature oges.

Another group has created a similar system for sensing madice elds with a
transformer between the sensor and the ampli er [44]. Howek, they use a high
input impedance ampli er with feedback. The result is a sygm that works between
600 Hz and 210 MHz.

None of these sensors achieve the required sensitivity, amdst are not low power
or integrated. The best frequency response and noise penfiance is achieved when
the input impedance is low, as discussed in Section 2.2.2. i&ver, most ampli ers
designed for the applications discussed above use a high edpnce op-amp with
feedback. As the input impedance is lowered, the stabilityequirements make this
topology choice di cult to implement. Instead, building a current ampli er directly
allows for better stability and control for desired gain paameters, as well as reducing
the power consumption, and is the preferred choice for thigss$ertation.
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Loop Antenna

1:N; R
+
Chi
é‘ ‘é_‘l—‘ Amp|ipe> Vout

Figure 1.1: Front end of analog portion of receiver systemdluding antenna, trans-
former, and ampli er. Full systems include two copies of theesign with the antennas
arranged orthogonally.

1.4 Analog Front End Overview

The analog front end of the receiver system includes the antea, transformer, and
ampli er, shown in Figure 1.1. Usually each system includesvo channels that each
have an antenna, transformer, and ampli er. The two antennaarranged orthogonally
(often one is oriented in the north-south direction, and theother in the east-west).
The data from the two channels can be used to determine the dution of arrival
of the signals. For simplicity, only one channel is shown her In ground-based
magnetospheric research a large loop antenna is used to detdectromagnetic signals.
A transformer steps up the signal voltage and DC isolates thentenna from the rest
of the receiver. The antenna and transformer designs are clissed in Chapter 2.
The integration of the ampli er onto a chip signi cantly reduces the size and
weight of the preampli er, while reducing the soldering tine for each board. However,
a new ampli er design is required to meet the requirements ithe new integrated
environment. First, the receiver needs to have a at frequaly response over the
bandwidth of the data, from 50 Hz to 30 kHz. If an amplier with a low input
impedance is used, the increase in induced voltage in the anha with frequency
is counteracted by the increase in inductive reactance of éhantenna, making the



1.5. CONTRIBUTIONS 7

current into the receiver at with frequency. Although many of the other magnetic
ampli er designs discussed above use a high impedance angplivith a shunt resistor

to lower the input impedance, the thermal noise of the shuntesistor degrades the
noise performance signi cantly, making it impossible to m&t the noise requirement
witha 1 inputimpedance. Instead, an ampli er that is designed to have a low input
impedance, without any shunt resistor, is required to meetie receiver speci cations.

1.4.1 Ampli er Speci cations

The speci cations for the single chip ampli er are derived dectly from the require-
ments of the project as a whole. The primary speci cation ishte sensitivity because it
determines whether scienti cally interesting signals aréetectable. With the 5 turn,
10 m base triangular antenna used for the receiver system,etii fT/p Hz magnetic
eld noise speci cation corresponds to a 7.8 pAI? Hz input current noise. A gain of
at least 15 mV/nA is needed to ensure the signals are large emgh to be digitized
precisely. Since the batteries have to supply all the poweorfthe system for a whole
year, the power consumption of the parts is budgeted. Only 5W of power is avail-
able for the ampli er, which is a signi cant reduction from the 71 mW consumption
in the preampli er used in the old system. There are no commeially available inte-
grated ampli ers that meet the power and sensitivity specications, so a hew custom
ampli er is needed. Achieving these speci cations for an tegrated ampli er chip
resulted in the contributions listed below.

1.5 Contributions

This work demonstrates the rst integrated ampli er that meets the performance
requirements for a VLF magnetic receiver. The ampli er acleves a 1.8 pA;)ﬁ
current noise midband, and remains below the 7.8 pA/Hz speci cation* between
234 Hz and 370 kHz. The gain also exceeds the speci cation Wween 90 Hz and
110 kHz, and reaches 35 mV/nA midband, while using less than W of power.

ICorresponds to 1 fT/' Hz system sensitivity with a 5 turn, 10 m base triangular antenna.
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Additionally, an optimization technique is developed to miimize the noise of the rst
stage, which can be used for any common base ampli er stagehéel'chip ampli er was
eld tested in Antarctica in a fully autonomous system and poduced scienti cally
useful data for a year. A summary of the main contributions isisted below:

Design of an integrated ampli er that meets the performanceequirements for
a VLF magnetic receiver.

Development of noise optimization for bias current in a coman-base topology.

Implementation of the integrated ampli ed that achieves 18 pA/ P Hz of current
noise and 35 mV/nA of gain while using 4.8 mW of power.

1.6 Dissertation Organization

This dissertation presents the design and testing of the iegrated ampli er as fol-
lows. Chapter 2 provides some necessary background on théeana and transformer
design, along with the basic relationships and noise chatadstics of transistors. The
design speci cations and challenges is described in Chapt® and the design work
to satisfy them is presented in Chapter 4. The noise optimizian of the rst stage

is also included in the design chapter. Chapter 5 describdset testing methods and
Chapter 6 presents the ampli er performance results. The tagration of this ampli-

er into the rest of the magnetic sensor is discussed in Chagt 7, as well as the eld

test results. Finally, Chapter 8 provides the conclusionsra suggestions for future
work.



Chapter 2
Background

Before discussing the design of the ampli er and the rest ohé analog portion of the
system, the design of the antenna and transformer are preseth Their characteris-
tics a ect the noise performance of the entire system direlgt so it is important to
understand them well. A brief overview of the fundamental niee sources follows, and
then nally the basic relationships of bipolar and MOSFET deices are reviewed.

2.1 Antenna Design

Magnetic eld sensors are preferred at very low frequencigsstead of electric eld
sensors mostly because they have superior noise responsthatlow end of the fre-
geuncy range. They are also less a ected by nearby metallitrigctures and noise
from snow, allowing for more accurate recording of the sighainally, magnetic eld
antennas do not require a ground plane, which simpli es theiconstruction and cal-
ibration. The antenna and transformer designs were origifig developed by Evans
Paschal [35], and has been used in a large variety of low fregay magnetic receivers.
All magnetic antennas are constructed as a loop of wire, witkither a high per-
meability (usually ferrite) core at the center, or nothing @ir core). Antennas with
a high permeability core are physically smaller, althoughat necessarily lighter, so
they are often used where the space is the primary concern. Wiver, their sensitivity
can change with temperature, strong elds can cause a nondiar response, and they

9



10 CHAPTER 2. BACKGROUND

are more di cult to calibrate [35]. Since the systems for ths project are deployed
in remote areas where the antenna size is not limited, larger &ore antennas are
constructed and used on site.

The model for the antenna is shown in Figure 2.1, along with thtransformer and
ampli er. The voltage source,V,, represents the induced voltage in the loop from the
magnetic eld. The inductor L, represents the coil inductance, and the resistdt, is

the parasitic wire resistance. .
Antenna Transformer Ampli er

S |

Figure 2.1: System design of fully di erential magnetic efl receiver including antenna
model, transformer model, and ampli er input impedance

2.1.1 Antenna Sensitivity

When designing an air loop antenna, there are three criticgdarameters: the area
of the antennaA,, the diameter of the wired, and the number of turnsN,. These
parameters determine the antenna wire resistanc®,, and inductance, L,, which
in turn shape the system response and sensitivity. The winay capacitance and
skin e ect are negligible at frequencies below the megahertange. It is therefore
important to derive the relationship among the three paramters and the resulting
sensitivity.

The loop shape is usually chosen based on its ease of constoancand the desired
area. A variety of common loop shapes are listed in Table 2.IThe constant ¢, is
related to the geometry of the antenna and allows for a genéraxpression of the
length of each turn that is valid for any shape:

p
Antenna Turn Length = ¢, A, (2.1)
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Shape of Loop C1 C

circular 3.545| 0.815
regular octagon 3.641| 0.925
regular hexagon 3.722| 1.000
square 4.000| 1.217
equilateral triangle 4.559| 1.561
right isosceles trianglel 4.828| 1.696

Table 2.1: Constants for various magnetic loop antenna shap

Using this expression, the antenna resistance for any shaige

AN A

(2.2)

where is the resistivity of the wire (for copper, =1:72 108 m) and dis the
diameter of the wire. Adapting from [47, pp. 49-53], the indctance for any loop
antenna is

©

P — Az
L,=2:00 10 ‘N2c; Ay hfF— ¢ (2.3)
N.d

TQ

where ¢, is also a geometry related constant, and can be found in Tab®l for a
variety of loop shapes. The two variable®, and L , form the total impedance of the
antenna (Z,) that is the source impedance seen by the rst stage of the rewer.

Zy=Ra+ L 4 (2.4)

When an incident electromagnetic wave passes through thetanna, the voltage
induced across its terminals is given by Faraday's Law:

Va=j2fN JAB cos() (2.5)

whereV, is the voltage signal magnitudef is the frequency,B is the magnetic ux
density, and is the angle of the magnetic eld from the axis of the loop. Iflie axis
of the loop is horizontal, the response pattern of the antemnis a dipole in azimuth.
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For simplicity in the following design discussion, the eldis assumed to be oriented
normal to the antenna, and the term cos() is omitted.

Since the size of a VLF receiving loop is very small compared & wavelength
( =1000 km at 300 Hz and 10 km at 30 kHz), the radiation resistamcof the loop
is negligible compared to the wire resistand®,. Therefore, the minimum detectable
signal is limited by the thermal noise ofR,. The sensitivity of the antenna, S,,
is de ned as the eld equivalent of the noise density; that isthe amplitude of an
incident wave which would produce an output voltage equal tthe thermal noise of
Ra in a 1 Hz bandwidth. Using equation (2.5) the sensitivity (inunits of T/Hz *2)
can be expressed as:

P 4kT R,

5= SN A,

(2.6)
Note in equation 2.6 that the antenna sensitivityS, decreases with frequency
(that is, the antenna becomes more sensitive). It is convarit to de ne a frequency-
independent quantity for comparing the performance of di eent antennas, thus the
normalized sensitivity is de ned asS, = fS.. Using R, in equation (2.2), we nd an
expression for the normalized sensitivity that depends onbn the physical parameters

of the antenna;
P 4kT C1

Sa = = AT (2.7)

This expression for sensitivity can be used to nd the numbeof turns, antenna area,
and wire diameter required for a target sensitivity at a spec frequency. The e ect of
the resulting antenna resistance and impedance on the redttbe system is discussed
in later sections.

Further insight can be gained by expressing this sensitiyitas a function of the
mass of the antenna. The mass of the wire used in the antennafesind to be:

1 p—
M = 7 C 102 Ng (2.8)

where is the density of the wire. Solving this fordp N, and substituting into (2.7)
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produces normalized sensitivity:

Sa = z_pMjAa (2.9)
This interesting result shows that the only way to improve sasitivity with a given
antenna material is to increase the total mass or area of thetgnna. By expressing
A, in terms of the mass, the dependence of the sensitivity on theass of the
antenna is made clear:
e PaT—
S ———— (2.10)
8M 2
This equation shows that the mass of the antenna is the fundamntal tradeo for the
antenna sensitivity. Magnetic sensors are usually placed remote areas to reduce
interference from power lines (at 60 Hz and harmonics), soithtradeo means that
the sensitivity must be balanced against the practical welg limitations in shipping
and construction of the antennas. The most severe limitatis for these receivers
are for units placed at the South Pole for research on electnagnetic waves in near-
Earth space and the radiation belts. Since the Earth's magtie eld lines that pass
through these regions in the upper atmosphere intercept theurface of the Earth near
the polar regions, a ground-based receiver at the South Palan detect the very low
frequency signals of interest, while also taking advantagef the pristine low-noise
environment due to the lack of other (man-made) noise souse

2.2 Transformer

The transformer electrically isolates the antenna from theest of the receiver and steps
up the impedance by a factor of the turns ratio squaredy?, to improve the impedance
match to the preampli er. Also, the low frequency cut-o of the transformer reduces
the noise from the system at frequencies below those of irest. Figure 2.1 shows
the circuit model for the transformer and the other equivalet noise sources from the
ampli er.
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2.2.1 Transformer Frequency Response

The combined transfer function of the antenna and transforer that relates the input
voltage of the ampli er, Vj,, to the induced voltage of the antenna)/,, can be found
with standard circuit analysis:

Vo - Kk, * ke (2.11)

where

ki=[Ra+ Ry + jw(La+ Lp)]
k2 = [( Rs + jWL 2)(1 + JWC sRin) + Rin]
k3 = le— pNtz(Ra + Rp + jWL a)(l + jWC sRin)

Using equation 2.5 to relate the ampli er input voltage,V,, to the incident mag-
netic eld, B, and simplifying, results in the approximate equation show below.

N.A,R,B f f if ¢

- - - 2.12
Ne(La+ pLo=N2) f jfy f jf; f jf¢ ( )

Vin

where

_ (Ra+ RY)jil(Rs + Rin)p=N¢]
2 (Lat Lp)

_ Ra+ Rp + ( Rs‘l' Rin)p:Nt2
2 (La+ pL2:Nt2)

- 1
¢ 2C sRin
p=1+ L,=L,

The various factors that have been isolated facilitate the nderstanding of how
the transfer function is a ected by both the design of the trasformer and the input
impedance of the ampli er. The factorp is the ratio of the total inductance on the
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primary side (including the antenna andL ) to the transformer primary inductance
alone (L,). For an ideal transformer,L,=1 , and p=1. Below the frequencyf;, the
shunting e ect of L, becomes important and the gain drops rapidly. The receives i
not useful in this region, makingf; the low frequency limit of the receiver response.

The input turnover frequency f; is the frequency where the total resistance in
the input circuit equals the inductive reactance. Note thatf; is much higher than
fi in a good design. Abovd; the impedance of the input circuit is dominated by
the antenna inductive reactance 2L ,. Even though the induced voltage across the
antenna terminals (2.5) is proportional to frequency, thewrent in the input circuit
abovef; is limited by the antenna reactance, which also increasestlvifrequency,
giving the output signal a at overall frequency response. fie wide bandwidth with
a at response simpli es the study of signals such as sphesi@nd whistlers that span
several decades of frequency.

At the frequency f. the transformer secondary shunt capacitanc€s begins to
short the input signal and the gain drops. The interval of atfrequency response
is thus from f; to f.. Note that the transformer leakage inductance., does not
signi cantly a ect performance, because it appears in sess with the much larger
N:L,, as seen on the secondary side of the transformer.

2.2.2 Transformer E ects on System Noise

The main sources of noise in the system are the thermal noisetlee antenna (2,),

voltage noise of the ampli er ¢/7.,.,,), and the current noise of the ampli er (Z..,,)
(see Section 2.4.4 for ampli er noise model). The system s#tivity is directly a ected
by the transformer turns ratio and the ratio of current and vdtage noise of the

ampli er. For an ideal transformer:

V—r%a'*_ Vr%;amp:Nt2 + i%;ampNtzzg (2 13)
IN Az '

Ssys =

Since the e ect of the ampli er noise voltage is reduced by # transformer turns
ratio while that of the noise current is increased, the chogcof turns ratio has a direct
e ect on the sensitivity. Typically N, is chosen so thaR,=R;,=NZ. In other words,
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the turns ratio is chosen to make the input impedance of the gph er, as seen at the
transformer primary, about the same as the antenna resistaa in order to balance
the low and high frequency noise concerns. With a common-lagput stage, this
turns ratio also means thatv2, ' m:NE, thus making the low-frequency noise of
the ampli er about the same as the thermal noise of the anteran With this choice,
the sensitivity improves with higher frequency for a decader two above f; until
current noise% owing through NZ2Z2 becomes important and the sensitivity
levels 0. Note that a common-base input stage of input rediance R;, gives much
better noise performance than an actual resistor of siZR;,, even if followed by a
noiseless ampli er. The reason is that the current noise ohé common-base circuit

is much lower than the Johnson thermal current noise of the akresistor.

However, a real transformer adds some noise and changes tbgponse. When the
componentsL,, Ry, L2, and Rs (as shown in Figure 2.1) are included, the total input
referred voltage noise is:

. - - V2. f 2
2 n;s 2 tn
Vn;tot Vr%a + Vr%;p + N 2 p 1+ f2 (214)
n t #
2
Viamp f? o

— 4+ p? n
N2 Pz TPz

(2L )
R2

+
2N 2Dp2
+12N2R2 1+

where

- R, + Rp
T2 (Lat L)
1
_p:
2 CNZL,

fcn—

To nd the sensitivity, convert the input referred noise to the equivalent eld using

the antenna param eters:
Vh;tot

IN A,
Comparing this result to the sensitivity of only the antennain equation (2.6), the

Ssys = (2.15)
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sensitivity of the system is similar in form to that of the anenna by itself, with the
antenna noise being replaced by the combined total noise ttantenna, transformer,
and ampli er, V. At a given frequency, the receiver approaches ideal penfaaince
as the ampli er and transformer noise decreases toward thet@nna thermal noise,

Vna .

The transformer has several important e ects on the overalhoise. The most
important is the thermal noise from series resistances in eéhtransformer, R, and
Rs, which add directly to the system noise. These resistancesust be kept as small
as possible to minimize the impact on the rest of the system. tAow frequencies
f2=f2 1 0 and the voltage noise is multiplied by the factop. Therefore, for good
low frequency noise performancey must be kept small (i.e. L, made large). Also,
at frequencies below y,, the noise performance deteriorates rapidly, sk, must be
kept small. At high frequencies, more of the ampli er voltag noise appears across
the transformer capacitanceCs and increases the noise. So, for good high frequency
noise performancef ., should be kept large.

2.3 Antenna and Transformer Parameters

The previous Sections describe how the antenna and transfwer both in uence each
other and the performance of the system, demonstrating thahey must be designed
conjointly as a unit, along with the ampli er input characteristics. The particular

design used for this project is discussed below.

2.3.1 Antenna Parameters

The antenna design must balance desired sensitivity with éhpracticality of construc-
tion. The resistance and inductance of the antenna from eqtians 2.2 and 2.3 a ect
the frequency response and sensitivity (2.12 and 2.15). Awer antenna resistance,
R,, results in lower noise and better sensitivity (see equatia2.13), but requires wire
with a larger diameter which becomes increasingly heavieAdditionally, increasing
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Base| Wire | Na| Ra | La A, p§a

(m) | AWG () (mH) | (m?) | (V' Hz=m)
Square Antenna
0.160] 20 | 47| 1.002| 0.998] .02563| 5:03 10 °
0.567| 18 | 21|1.006| 0.994| .3219 (896 10*
1.70 | 16 | 11|0.987| 1.013| 2.892 | 1.89 104
490 | 14 6 | 0.972| 1.029| 24.05| 413 10°
Right Isosceles Triangle
260 | 16 | 12|0.994| 1.005| 1.695 | 2:97 10 *
839 | 14 6 | 1.004| 0.996| 17.59 | 574 10°

10.0| 14 5 10.999| 0.975| 25.00 | 484 10°
27.3 | 12 3 |1.035/ 0.967| 187.0 | 1:10 10°
60.7 | 10 2 1 0.959| 1.043| 920.9 (322 10°
202 8 1 | 1.005| 0.995| 10164| 597 10’

Table 2.2: Magnetic eld antenna designs with 1 {1 mH impedance. Two shapes
are included, square and right isosceles triangle.

the number of turns (also increasing the weight), produces larger antenna induc-
tance, L5, thereby increasing the induced voltage for a given eld (egtion 2.5) and
improves sensitivity (2.13). For this design, a1 {1 mH antenna impedance is chosen.
This impedance balances the need for sensitivity, with theeight and construction
time limitations during deployment.

Using equations 2.2, 2.3 and 2.6 a family of copper-wire laopf various sizes and
sensitivities can be found, all with the same impedance. The antennas, listed in
Table 2.2 for a 1 {1 mH impedance, can be interchanged and udewith the same
receiver depending on the sensitivity required. Similar tdes can be constructed for
other impedance choices. The smaller antennas are more @de while the large
antennas are more sensitive, so the antenna size used for aipalar receiver is de-
pendent upon needed sensitivity and available physical spa For example, a small
antenna can be used with a receiver system to determine thedbelow-noise site to
construct a permanent, large antenna. However, not only alarge antennas heavy
and di cult to erect in remote areas, wind can also cause vilations that can be
mistaken for data variations. Large antennas should use ai sframe to keep wind
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vibrations small. For large open triangular antennas suppted by a central tower,
the antenna wire should be kept slack so wind vibrations areebbw the frequencies of
interest. For the measurements made in this dissertation,emused a ve turn triangu-
lar antenna with a 10 m base which balanced the sensitivity @nweight requirements,
while the triangular shape simpli ed the construction.

2.3.2 Transformer Parameters

The primary focus for the transformer design is sensitivity The turns ratio for the
transformer, Ny, is 16 and the primary inductance,L,, is 10 mH! The high fre-
guency response is dominated by the winding capacitan€g, which is 950 pF in this
case. This capacitance is high because bi lar winding is usé both the transformer
primary and secondary windings to assure balanced couplingJsing single-strand
winding, Cg can be much smaller.

The following parameters' values are calculated as desceib in equation 2.12.

p=1:10 (2.16)
fi =7:62 Hz

fi =320 Hz

fo=1:24 MHz

The voltage at the input of the ampli er terminals compared wth the input magnetic

eld is depicted in Figure 2.2. The system frequency range Isnited at the low end

by f{, and at upper frequency byf ., resulting in an available bandwidth of 7.62 Hz {
1.24 MHz, well outside the required 50 Hz { 30 kHz bandwidth fahe project. Also,

for the noise performance of the transformer, the low freqney noise cornerfy, is

14.5 Hz and the high frequency corndr,, is 10.2 kHz.

1The transformers were designed and constructed by Dr. Evan®aschal.
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Conversion Ratio V/uT

............................................................. o) ft
.............................................................. A f
o f

10* 10° 10°

Frequency (Hz)
Figure 2.2: Frequency response of antenna and transformesntbined. The three

frequencies that determine the bandwidth of the systenf,,f;, and f, are depicted
in red.

2.4 Noise Sources

Sensitivity is the most important speci cation for this ampli er, so the major noise
sources that limit the sensitivity must be well understood.n this Section, we review
the three main types of noise, all of which are present in thevgli er.

2.4.1 Thermal Noise

Thermal noise is generated by the random motion of electronis any real resistor.
The combined random motion of the electrons results in a nascurrent with the
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following noise power (from [29, p. 10]):

1
7= KTf = f (2.17)

wherek is Boltzmann's constant (1.38 x 1023 W-s/K), T is the temperature in Kelvin,

f is the noise bandwidth, andR is the resistance. The noise power is constant for
a pure resistor across the frequency spectrum (white noiselAn equivalent voltage
noise generated by the noise current is:

vZ= kTfR f (2.18)

2.4.2 Shot Noise

Shot noise is generated from the random arrival times of eteens when they cross
an energy barrier, such as a p-n junction. It occurs in any dee with a p-n junction
such as diodes and all types of transistors. The noise poweralso at over frequency
and is directly related to the DC current owing through the junction ([29, p. 28]).

Vot = 2Qloc (2.19)

whereq is the charge of an electron (1.6 x 16° coulomb).

2.4.3 Flicker Noise

Flicker, or 1/f noise, inversely proportional to frequency, so it is refezd to as \pink"
noise. It is present in all transistors and some resistors wh they have DC current
owing through them.

The origin of the noise has been under dispute. Some claim & gquantum in
nature [14] and stems from the interaction of charge carrigiwith the photons they
emit from lattice scattering. Although the 1/f noise relationship to the mobility can
be explained this way, the most recent experimental evideaendicates that when the
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lattice is damaged, the 1f noise increases, while the mobility does not correspond-
ingly change [16]. This evidence points to surface traps thaapture charge carriers
for a random amount of time and the bulk recombination of thatharge [50] and [57].
The time constants of the release from the traps and the recdmnation generate the
1/f noise spectrum that increases with each lower decade of fneqcy [13] and [20].

The noise power is related both to the DC current density andharacteristics of
the fabrication of the device. The 1f noise is in all forward biased p-n junctions,
which in a BJT is the base-emitter junction. A common estimag of this noise is

shown below [29, pp. 113-114]
—_ K flg
if= ———
f f A

whereA, is the area of the junction,f is the frequency, and the factoK is a constant

(2.20)

empirically related to a particular fabrication process. he ratio of DC base current to
the junction area implies the noise depends on the current &ty within the device.
The current and physical size of the devices are the only mesa@a designer has in
reducing the 1f noise of a device in a particular process, so it is importanbtchoose
a process with devices that have acceptable flhoise performance.

There is also 1f noise in integrated resistors, and the noise power followkis$
relationship from [25, p. 254]:

— _KV2 fRZ

7= (2.21)

where V is the DC voltage across the resistor DC and, is the sheet resistivity.

A common way to compare the icker noise in a device is to measuthe \noise
corner" frequency. This frequency is the point when the ickr noise equals the other
white noise of the device from thermal and shot noise source#®\bove this point
the thermal and/or shot noise dominates, while at frequenes below this point the
icker noise dominates. When designing circuits for low figuency applications, it is
especially important to chose devices with a low icker noescorner frequency, and if
possible, the icker noise corner should be below the frequaes of interest.
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& OO

Figure 2.3: Noiseless ampli er with all noise combined inta voltage sourcey?, and
current source,iZ.
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2.4.4 Input Referred Noise of An Ampli er

In order to simplify noise calculations, all the noise of angmpli er can be modeled by
two sources at the input of the ampli er, a voltage sourcey?, and a parallel current
source,i,, as shown in Figure 2.3 [29, p. 39]. The noise sourggis from the source
resistance. The equivalent noise voltage is calculated blassting the input so that
the source resistance is zero, and calculating the total sei. If the input is left open
so that the source resistance is in nite, the resulting noesis the current noise. Using
this procedure, the noise in any circuit can be represented lonly two sources, as
shown in Figure 2.3.

To nd the noise referred to the input signal, all the noise sarces can be referred
back as described in [8]:

(Total Noise)? = (source resistor noiséj + (voltage noisey

+(current noise  source resistor) (2.22)
which in this case becomes:
Vgt = VZ+ VZ+ iZRZ+ CvninRs (2.23)

The correlation C between these two sources is negligible in most practicaraziits
[12, p. 768]. The resulv2, represents the noise oor, which is the limit of the smallest
signal that can be detected with that system.
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2.4.5 Noise in Multiple Stages

G: Gz Gs
N, N>, N3

Figure 2.4: Ampli er with multiple stages, each with its owngain, G and noise power,
N.

A multistage ampli er is shown in Figure 2.4. Each stage has gain, G and
contributes noise,N. The total output noise is easily calculated as

Nout = (N1G2 + N2)Gz + N3
= N1G>G3 + NoGsz + N3 (2.24)

Since the noise produced in the rst stage is increased by tlgains of all the subse-
guent stages, it is often the largest contributor to the tothnoise. Therefore, when
designing a low noise circuit, minimizing the noise in the st stage is most important,

while the noise in later stages can usually be neglected ifetlgains are large enough.

2.5 Transistor Models

The basic relationships of both bipolar and MOSFET transisirs used in this work
are reviewed below. These relationships provide the basts the design calculations
in Chapter 4. The noise properties of these devices are esplg important in a low
noise design, so the device noise models are also discussed.

2.5.1 Bipolar Transistor Characteristics

The collector currentl¢ of a bipolar transistor is exponentially related to the base

emitter voltage Vgg,
V
Vr



2.5. TRANSISTOR MODELS 25

where Vy=kT=q k is Boltzmann's constant (1.38 x 10® W-s/ K), T is the temper-
ature in Kelvin, g is the charge of an electron (1.6 x 16° coulomb), andl is the
saturation current. In all real BJT devices, the collector arrent also varies with the
collector-emitter voltageVce. This dependence is called the Early e ect, and modi es
the above idealized expression to the following:
lc=Is 1+VV—CAE exp \\/% (2.26)
whereV, is the early voltage, andVcg is the collector-emitter voltage.
The current gain of a bipolar device is de ned as the ratio of the collector and
base currents:
lc= 1 g (2.27)

The base current,l g, determines the current gain and depends on the process and
layout properties of the speci ¢ device. Since is not a constant, it is important to

nd a region that is relatively constant in order to improve the ampli er linearity.
There is always some small recombination of carriers in th@$e region which becomes
signi cant when the collector current is also small. This icrease in base current
decreases . At very high currents, the collector current is limited by hgh-level
injection and the Kirk e ect, and again reduces [12, pp 24 { 26].

B To ¢

gl’ C ::+V1 G)gmvl gro

E

Figure 2.5: Small signal model of an NPN bipolar transistor.

A small signal model is used to clarify the gain relationshgpfor the design pro-
cess, and allows for noise and high frequency modelling. FRmnall signals when the
device is operating in the forward-active region, the transtor can be modeled as
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shown in Figure 2.5. The emitter current is modeled as a depdent source which
is proportional to the base-emitter voltage and the transamluctance,g,. The small
signal transconductance depends only on the collector DCreent:

Om = iﬁ - e (2.28)
T
The base-emitter resistancey; is:
KT
= —= — 2.29
On Qlc ( )

This model will be used to represent the bipolar transistors the design discussion
in chapter 4.

2.5.2 Bipolar Transistor Noise Model

r vi
B b (;
+ % gr C :;-V]_ OmV1 §r0 + E
E . o

Figure 2.6: Noise model of an NPN bipolar transistor.

The small signal model discussed above can be expanded tolude the noise
sources. The noise model in Figure 2.6 shows the three latgesise sourcesy?, i2,
and i2. These noise sources are a large part of the total ampli er i@, and so are
described in more detail below.

The base voltage noise? is from thermal noise in the base resistances.

V2 =4KkTry f (2.30)
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The base resistance is between the base contact and the aetregion between the
emitter and collector, so it can be minimized with careful gout technique. The base
current noisei? is a combination of shot and icker noise.

— Is

i2=2qlg f+K_—— f 2.31

b qls A ( )
where A; is the area of the base. The collector also has shot noise,uféag in the
current noiseiZ.

i2=2qlc f (2.32)

2.5.3 MOSFET Transistor Characteristics

MOSFET devices are used in the second and third stages, aslvaslthe bias circuitry.
In an ideal MOSFET device operating in saturation, the draircurrent is quadratically
related to the gate source voltage.

L= C xW
2L
However, because of channel length modulation, the drain rcent also depends
on the drain-source voltagé/ps. To model this e ect, the drain current equation is
modi ed as follows:

(Vos  Vin)° (2.33)

Ip = oL (Ves  Vin)’(L+ Vps) (2.34)

where is the channel-length modulation coe cient and representhhow much the
channel varies compared to the fabricated length. The vatian of the drain current
(and therefore output impedance) of the transistor is a majosource of nonlinearity
when there is a large output voltage swing [38, pp. 25{27].

The small signal model is similar to the BJT and is shown in Figre 2.7. The
transconductance is a measure of how the drain current chasgywith the gate-source
voltage Vgs: r

Gn= Corl (Vos V)= 25Co' (2.35)
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oJ

Cgs :;-Vgs G) OmVgs §r0

3
Figure 2.7: Small signal model of an NMOS transistor.

When channel length modulation is included, the transcondiiance becomes:

r
w W
Oon= C oxf (VGS Vth) = 21p C oxf (1 +V DS) (2-36)

2.5.4 MOSFET Noise Model

O

G

-
anl

Cgs ::+Vgs G) OmVgs §r0

anl
o

49)

Figure 2.8: Noise model of an NMOS transistor.

MOSFETSs have two main noise sources shown in Figure 2i8,and i2. The drain
current noise is a combination of thermal noise from the chael, and icker noise.

— 2 |
|§=4kT§gm f+ K% f (2.37)

The drain current noise represents the majority of the nois@ a MOSFET. However,
there is some small leakage of current across the gate, cregta gate current, | g.
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Since this gate current current is crossing an energy barrjat has shot noise:

ig=2qlg f (2.38)

At very high frequencies there is an additional component, hich is generated by the
thermal noise in the channel (and therefore correlated witthe drain thermal noise).
There are small changes in the local voltage produced as tHeaoge carriers vibrate,
which causes small capacitance changes, and results in an A@rent through the
gate. This current is in addition to the gate shot noise, andsifrequency dependant
[12, p. 759].

m——— 16
S;highfrequency = 2q|G f+ 1_5le ZCSS f (2.39)



Chapter 3
Integrated Ampli er Challenges

The performance of the ampli er chip is critical to the succss of the project as a
whole. This chapter discusses the requirements and chaligs to achieve the needed
performance. The ampli er requirements, which drive everypart of the design work,
are presented rst. Because of the uniqgue combination of remements, there are
several special challenges for this design which are dissesnext. Finally, an overview
of previous work demonstrates that only a new, custom ampkr chip is capable of
meeting the speci cations.

3.1 Design Requirements

The speci cations for the ampli er are derived from the reqirements of the project as
a whole. In order to minimize the physical size, the ampli efs integrated onto a chip
using National Semiconductor's 0.25 m BiCMOS process. This process has good
low noise bipolar devices which are ideally suited for our pfication. As discussed
in Section 2.2.1, the ampli er must have a low input impedane, because it improves
the noise performance and keeps the receiver response attlre chip bandwidth of
50 Hz{30 kHz. The ampli er's bandwidth easily extends beyod this speci cation on
the high end, but 1/f noise presents the main challenge at the low frequencies.
The ampli er noise determines the sensitivity of the receir, which determines
the detectability of scienti cally interesting signals. Therefore, the noise speci cation

30
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is the most important and must be met even at the cost of othergrformance metrics.
Given the antenna and transformer design described in Semti 2.3, the 1 fT/pm
eld noise speci cation for the project corresponds to a 7.%A/ P Hz input current
noise. A gain for the chip of at least 15 mV/nA is required to esure the signals are
large enough to be accurately digitized. The chip should baéar enough to produce
spurious free signals at the output swing of 1 V. All of thesepeci cations must be
achieved with only 5 mW of power that is budgeted for the ampkr.

3.2 Ampli er Design Challenges

The unusual combination of speci cations of low input impednce, low operating
frequency, low noise, and low power creates several speclallenges for this design.
These challenges, described below, are the main reasonglierlack of any ampli ers
that satisfy the requirements, as discussed in the next Semt (3.3).

3.2.1 Bipolar Transistors Required

In order to realize the 1 fT/p Hz speci cation at low frequencies, low noise devices
must be used in the rst stage where the noise is most criticgbee discussion 2.4.5).
Although MOSFETs are the most common transistors used in iegrated designs,
their 1/f noise corners are in the megahertz range. The operating fugmcy range
is for this amplier is 4{5 orders of magnitude below the MOSET's noise corner,
resulting in 1/f noise that is prohibitively high.

The 1/f noise is large in MOSFETSs because the gate eld forces the ctmeel cur-
rent to ow very near the boundary to the oxide where the surfee traps are, resulting
in a very high rate of trapping. Alternatively, the current in bipolar transistors is
more di use and ows in the bulk of the device away from the sulce traps, resulting
in much lower 1/f noise than MOSFETSs. Also, bipolar devices have a larger nurab
of carriers for the same current which also decreases the seo{49]. Because of the
inherently much lower noise performance, bipolar transists are ideally suited for
this ampli er design.
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Because bipolar devices are less popular, it has been insiegly di cult to nd
a process for their fabrication. Fortunately, the recent iterest in bipolar devices for
their superior performance at high frequencies (researah the gigahertz range), has
made processes with bipolar devices available, making th@glementation of this
ampli er in an integrated circuit possible for the rst time.

3.2.2 No PNP Transistors Available

Although the process used for the ampli er implementation &s good low noise NPN
bipolar transistors, it does not support PNP transistors. his practical limitation is
because most bipolar transistors are being used for highdreency applications, and
then only for the input device of the rst stage. By using PMOSdevices as the load
in the rst stage, a fully complementary process is not neede As discussed above,
the very large 1/ noise of MOSFETs at VLF frequencies prevents their use in the
rst stage at all. With only NPN transistors and resistors, the available topologies
are severely restricted for low noise ampli ers.

It has been suggested that a PMOS in a Darlington connectionithr an NPN
BJT creates a pseudo PNP device (see [48]). The overall eqoatfor this composite
device is then:
nCox W

— (Ves W)? (3.1)

lo= (r+1) 5 3

from [12, p. 380]. However, this device su ers the same noipeoblems as using
MOSFETSs directly, so it can not be used in the signal path in te rst stages.

3.2.3 Stages Must be DC Connected

In most ampli ers stages are connected through an AC couplincapacitor, which
allows the signal to pass, but keeps the stages DC isolatedadh stage has its own
bias network which keeps it from being a ected by slight chages in the DC level
of the previous stage. However, to do so at low frequenciesan integrated design,
the coupling capacitors would have to be many times larger a&m the whole chip in
order for the impedance to be small enough to not a ect the sil. Therefore, all
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the stages must be DC connected. In high gain ampli ers with D coupling, even
small changes in the DC level at the input can cause the wholenali er to saturate,
so the DC level of the signal path must be carefully controlte Additionally, all the
the biasing circuitry must be able to tolerate standard proess and signal variations.

3.2.4 Headroom

The supply voltage in modern processes has been dropping a®®FETs shrink in
size. The National Semiconductor process used for our desltas a maximum supply
voltage of 2.5 V. The base-emitter voltageyge must be around 0.7 V in order to be
turned on (equivalently, MOSFETSs need a similar gate-souecvoltageVss of 0.8 V).
In order for the relationships described in Section 2.5 to bealid (i.e. the devices
in the proper operating region) their collector-emitter vétage Vce or drain-source
voltage Vps must be over around 0.6 V. Consequently, only three transists can
be stacked vertically between ground and the power supply tiiall of them biased
properly. The limited transistor stack eliminates many cormon ampli er topologies,
such as emitter degeneration and cascoding. This topologgstriction chie y a ects
the DC control and linearity performance.

3.3 Previous Work

Because of the unique combination of requirements for thismgli er, each design from
the relevant published work meets only a few of the speci cains. Most standard
ampli ers are fabricated in CMOS technology now (see ovemiv of examples in [42]),
even for low frequency applications such as gravity resehr¢2], so most bipolar
examples are from the 1980s.

Optical sensors that use photodiodes require a low impedancurrent ampli er
for detection. One example that is implemented in a discretdesign [55] achieves
15.3 pApE input referred noise, which is larger than the 7.8 pA/ Hz. A more
recent example has a 7.4 pAe Hz noise oor but uses 65 mW of power [34]. However,
optical sensors are designed for the gigahertz frequencyige, and the sensor designs
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are thus fundamentally di erent.

An audio range ampli er/instrumentation [8] uses complemetary BJTs for good
noise performance at low frequencies, however the commonitéen topology for the
input stage results in a high input impedance. The design a@ves 3.5 nV/ Hz
voltage noise and 1.6 pA/ Hz current noise at 10 Hz, but use 140 mW of power.
Another BJT ampli er in the audio range achieves 1 nVEp Hzto 3 nV:p Hz at 10 kHz
noise performance using a complementary BJT process [43utBwith a high input
impedance ampli er, and no power consumption listed, such&@esign would not work
for our application.

Going further back in time when circuit integration was juststarting to become
widespread and PNP devices were still nonexistent or of poquality, there are some
designs in NPN only processes. One example is [3], which dgses various circuit
designs for high impedance ampli ers and output stages. Athat time the devices
were physically larger, and the supply voltages were corpemndingly higher as well,
so that headroom was not a limiting factor. Often dual suppéis were used for simpler
biasing. Because of these reasons, these designs are furethaatly di erent and are
unsuitable for our work. A very low power preampli er [15] ha a bandwidth from
0.02 Hz to 7.2 kHz with a power of 80 W. The rms input-referred noise voltage is
2.2 V=IO Hz. However, it also has a large input impedance.

The work closest to the requirements of this project is an antiger intended for
SQUIDs, or Superconducting Quantum Interference Deviceg€]. In this work, the
source resistance ranges from 0.33 to 1 and the frequencyange is 10 Hz to
100 kHz. The input referred noise voltage is 1.4 nV/Hz at 15 Hz and the current
noise is 50 fAF Hz at 100 kHz. A transformer is used to step up the voltage from
the sensor, however, a second transformer is used to provigedback. Since these
transformers are hand made, an extra one makes the cost of theampli er go up,
as well as increasing the space required. This ampli er is nimtegrated and it uses
FETs in a common source con guration. The power consumptiois not give, but is
likely to be quite high as it was not a design priority.

Some previous work use feedback to reduce the input impedanof a standard
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Citation Sensitiyity | Source Impedance Power
Erdi [8] 35 nV{; Hz High 140 mw
Smith [43] 1nVv/ pHi High {
Harrison [15]| 2.2 V/ D Hz High 80 W
Smith [43] | 1.4 nV/ Hz 033 {1 {

35

Table 3.1: Summary of the most relevant published work in th¥LF frequency range.
Includes sensitivity, source impedance, and power consutigm where available.

common emitter BJT when creating a current-to-voltage ampler [37, 45, 31]. An-
other approach is to use feedback into the sensor itself as [6] as discussed in
Section 1.3.3. It is dicult to keep the ampli er stable for t his topology with low
input impedances, especially near 1 . These awkward methadattempt to use a
standard operational or instrumentation ampli er as a curent ampli er, instead of
designing a current ampli er directly to improve the noise grformance. Therefore,
in our work, the ampli er is designed speci cally for a low iput impedance.

A very early example of a current ampli er was intended for istrumentation
[24]. However, with a large supply voltage, a large power bgedt, and no noise
speci cation, such a design is not practical for our projectSome current ampli ers
were used in nuclear research and the example [28] includesoammon-base ampli er
with that achieves a 0.98 nV}O Hz voltage noise and 1.81 pA/ Hz. Since the ampli er
bandwidth is in the Megahertz and Gigahertz range for nucleaesearch, and the
power consumption is not a concern, these designs are alssuitable for this work.
Finally, some general common base ampli ers are collected [6], but the designs are
not optimized for noise or power.

Most of these designs satisfy only one or two of our requiremts, and none of
the designs satisfy all of them. A summary of the ampli ers dggned for the VLF
frequency range is shown in Table 3.1. Because no designstfes ampli er were
already available, it was concluded that a new custom ampker chip must be designed
to overcome all of the special challenges listed above andenthe speci cations.



Chapter 4
Ampli er Design

The custom ampli er requirements discussed in the previoushapter (Section 3.2)
drive the design process. In each ampli er stage, the topa)g that can satisfy the
requirements is chosen rst. The various characteristicsra calculated and used to
adjust the design parameters for the best performance. Thetomization of the noise
of the rst stage is presented in more detail since this metltbcan be used for any
ampli er using the same topology. Finally, the performanceof the full amplier is
shown to meet the speci cations.

4.1 Ampli er Overview

The ampli er has three stages as shown in the block diagram4.and an DC feedback
loop to regulate the DC levels. The rst stage provides the l@ impedance match
to the input, and coverts the signal to a high impedance outgu Noise is the most
important metric that drives the design choices for this stge. The second stage
provides gain and level shifts the DC level for the correct &sing of the third stage,
and the maintaince of the DC levels becomes the largest clwbe. The last stage
drives the output of the ampli er, and since it has the largesswing, linearity is most
important. The design of each of the stage is discussed in selguent Sections.

36
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Stage 1 Stage 2 Stage 3

R, La 7.\,
N
va(fxé é\\é;: > > Vour

Figure 4.1: Block diagram of ampli er chip showing antennatransformer, and three
stages of the chip.

4.2 First Stage Topology and Design Relationships

4.2.1 Topology

The topology choice for the rst stage is driven primarily bythe low input impedance
and noise speci cations. The excessive fl/noise in MOSFETs requires the use of
bipolar devices as discussed in the special challenges BacB.2. A common-base
con guration provides the lowest input impedance and has lem shown to result in
lower noise [51]. Since PNP devices are not available, thegncnot be used as loads.
The large 1/f noise of PMOS devices makes them unusable in the rst stage asll,
leaving resistors as the only viable load device. Althoughsing resistors results in a
lower gain due to their lower impedance, they do produce theebt performance for
low o set voltage and drift with temperature [8].

The rst stage topology is shown in Figure 4.2, and includeshe antenna and
transformer. Because the center tap of the transformer is gunded, the DC level
at the input is well controlled at a point physically close tothe chip. The following
Sections describe the equations governing the various pareters in this topology.
All of the calculations and gures were done with the design grameters that were
determined with the noise optimization as described in Seonh 4.3.

4.2.2 First Stage Input Impedance

The input impedance of the BJT in this con guration, including the resistance of the
base, is ([12, p. 189]):
r +rp

= Tognr (1)

in
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First Stage

Antenna Transformer
Figure 4.2: Topology of rst stage, including antenna and @nsformer.

However, since, r , the expression reduces to the following:

Rin = 4.2)
1

+ —
Om p

When the output resistancer, is included (see small signal model in Section 2.5.1,
the result is much more complicated:

Rin = 0 1 (4.3)

Because the output resistance, is large (483.6 k), the di erence between this
full calculation and the previous simpli ed equation 4.2 isabout 0.5%. Therefore the
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simple expression 4.2 can be used for design work purposes] simulations are used
to conrm and ne tune the results. To nd the total input impe dance for the full
di erential rst stage, the impedance must be doubled, so tht the nal expression

used is: )
Ri, = (4.4)
1

+ —
Om * 7

4.2.3 First Stage Gain

The gain for a single NPN BJT in a common-base con guration si

Gv = ﬁ = ngL (45)
Vin Rs
1+gnRs+ —
If Rg=r OmRs, Which is true in this case, then the above simpli es to:
gm RL
G = —— 4.6
\ 1+ ngs ( )
If the base resistance is included, the expression becomes:
R
Gy = ikl 4.7)

R R
OmRs + r_s+ @r—b+1A

However, sincery r , this expression reduces back to equation 4.5. Whep is
included, the expression becomes:

Gy = 0 1 (4.8)
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Again, the r, is large enough in this case (483.6 k), that it does not decase the
gain by much (about 0.4% in simulations). Therefore, equain 4.6 is used during
design for estimating performance and evaluating tradeo, svhile the simulations use
the full equation (4.8).

In this case where a di erential signal is used, the gain is thsame, as long as it
is assumed that the re ected antenna impedance re ected auss the transformer is
halved (Rs= Z,=2). It is important to note that since Rs changes with frequency, the
gain of the rst stage also changes with frequency. Howevef,the system as whole
is considered with the antenna and transformer included, thfrequency dependencies
sum to a result that is at in response over most of the bandwith of interest (see
equation 2.12 and following discussion).

Using the antenna and transistor parameters discussed incden 2.3, the output
voltage can be compared to the input current to nd the amplier current gain. If
the antenna impedances are represented dg= j!L , and Z.= j!C s, the Thevenin
equivalent resistance and voltage source are:

1
Rih = (ZaKZp) NZ kZ— (4.9)
0 q
Rsec+ Zp
Vy, = @ A N2V, 4.1
o Za+ Rsec+ Zp £ ( O)
whereRgec = 7(Zp|§?‘”)
t

The Rs in the above gain equations is one-half of thiRy,. To nd the output voltage
compared to the input current, the input voltage is convertd to the input current by
multiplying the input impedance of the ampli er Ry, (equation 4.2):

Gi = .V—O= ngb 1
1

lin Rs
1+ ngs+ r_@gm + r_A

(4.11)

This current gain represents how much output voltage is pragted with the given
input current.
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It is important to also calculate the performance of the fronend of the system as
a whole to ensure the ampli er will work properly. First the nput signal is referred
back to the antenna voltageV,, resulting in the following gain :

0 1

Vo Rsec+ Zp
9% =-G,N, @ A 4.12
Va o "' Reect Zp+ Za (4.12)

To nd how the output voltage relates to the input eld, B, equation 2.5 is used with
the above result to obtain the following.

0 1

Rsect Z
& - GVNt @ sec p

A (IN 2Al) (4.13)

To simplify the equations, the input angle is assumed to be mefor all of the design
calculations.

4.2.4 First Stage Frequency Response

The high frequency 3 dB point of the transformer is determiree by the parasitic
capacitance between the windingCs. The pole formed from this capacitor and the
input impedance of the ampli er is (from [35]):

1

f.=
¢ 2CsRin

= 1:29 MHz (4.14)

In this case theR;, is twice the input impedance of a signal common-base BJT (see
Section 4.2.2).

The frequency response of the rst stage is limited by the pasitic capacitances in
the BJTs. The high frequency model is shown in Figure 4.3 (mo[12, p. 514]), and in-
cludes two capacitor$C andC . The base-emitter capacitanc€ is a combination of
the base-charging capacitance and the emitter-base depbet layer capacitance. The
collector-base capacitanc€ is from the junction capacitance between the collector
and the substrate. The sizes of these capacitors varies dilg with the device size,
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gr C :;V1 G)gmvl gro

wl

Figure 4.3: High frequency model of positive half of rst stge, including NPN BJT
and load resistor.

so as these devices are made larger to reducd Ifoise, their capacitances increase
as well. Solving for the transfer function results in the fédwing:

OngL

}A

(4.15)

SIS

1 1
Rs(1+ R.C s)@r—+ On+ o+ C sA
S

There are two poles, one associated with each capacitor. Tads no Miller multi-
plication because there is no capacitance between the coll to the emitter [12, p.
515], so the poles are simply:

Pole 1 =
€ 2TIR.C
1 1
—+t Ont -
pole 2= Rs (4.16)
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Figure 4.4: Comparison of noise sources in a NPN BJT in a commbase con gura-
tion.

4.2.5 First Stage Noise

The noise sources in a bipolar transistor were discussed iac8on 2.5.2. For compar-

ison, these noise sources are plotted together in Figure 4Bhe base thermal noise
can be reduced with careful layout technique to minimize thbase resistance. In this
design, the base thermal noise is six orders of magnitudeddblan any of the other

sources, and therefore not visible on the graph. The baseflhoise is dependant
on the current density (see Section 2.4.3), so it can be redut by increasing the

size of the input transistors. Increasing these transistsralso increases the parasitic
capacitances C and C ), which provide the limit to the bandwidth of this stage as

discussed in the previous Section. Shot noise is left as tladest noise contributor

in the transistors, and it is this noise that is optimized in $ction 4.3.

As discussed in Section 2.4.4, all of the noise sources ieside transistor can be
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represented by a voltage noise source and current noise s@urFor the common-base
con guration, these equivalent noise sources are the same f@r a common-emitter
con guration [12, p. 783]. For the voltage noise, the two maisources are the thermal
noise of the base resistance and the shot noise of the colbeaturrent.

2 1
=4KT ry+ o f (4.17)

2 —\/2 c
Vi =v2+ =
BJT b
Om Om

The current noise is composed of the shot noise andflhoise of the base and the
shot noise of the collector.

— 2
7.7 le _ K1

a
BT —lp T T : —2q g + !
j(w)j

|
1By C 4.18
29 f j (jw)j? (4.18)

Using the equivalent noise sources from the BJT, a noise madder the whole rst
stage can be determined, as shown in Figure 4.5. The modellutes the transistor
noise along with the thermal noise of the load resistors.

i2, Rla§ R1b§ 2,

Vbias'_ Ql

i 2
BJT

v Vo Vi
Ra AN La 1.,
v =

Figure 4.5: Noise model of the rst stage and antenna. The tresformer is assumed to
be noiseless for design estimations, but the thermal noigethe parasistic resistances
is included in simulation.

i 2
BJT
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Because the current gain of a common-base BJT is unity, any rrant noise at the
collector appears directly at the emitter unantennuated [2, page 783]. Therefore, the
noise of the load resistors is more important than that for a sual common-emitter
con nguration. These resistors also have a small amount of fL. noise (see equation
2.21).

AF
i f+7KI

2 =4kT
'RL RL wif

(4.19)
wherew and | are the width and length of the resistor. For this process, Wery
large (20 m) wide resistors are used, the 1/ noise is reduced below the other noise
sources and becomes negligible.

The total current noise from the input stage,iZ.,,, can be estimated by combining
all the noise sources at the input of the ampli er. When comlniing noise sources, the
noise powers are added together, which requires that all dig noise currents to be
summed in quadrature.

I V4
i2 =2 42 4+ o0 (4.20)
amp BJT RL thhzz
1
whereRy, = (Z.kZp)N2 kZ— (4.21)
C

All of the noise components are plotted together in Figure @.for comparison.
The load thermal noise is constant across frequency whileettturrent noise has the
expected increase at low frequencies from theflhoise. The large null in the voltage
noise is an artifact of the resonance between the transformaductance and parasitic
capacitance. The BJT voltage noise is most important at theolw and high ends of the
bandwidth, while the thermal load resistor noise determirgethe noise in the midband.
All of these sources vary di erently with bias current as disussed in Section 4.3.

The noise sources from each side of the di erential circuit ust be added together
as they are in series. The total noise can then be re ected bato the antenna using
equation 2.14.
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Current Noise (pA/sqrt(Hz))
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Figure 4.6: Comparison of all noise sources in the ampli enst stage, including the
BJT voltage noise, BJT current noise, and load resistor thenal noise.

4.2.6 Temperature

Temperature has a large e ect on BJTs because their operatiodepends on the
carrier energy relative to the bandgap. Equation 2.25 showikat the collector cur-

rent increases exponentially as the temperature decreasétowever, the energy, and
therefore concentration, of free electrons and holes deamses with temperature (s

decreases) so that a largevge is required to produce the saméc. The early voltage
is not a ected as much because the various temperature e exttancel.

Simple simulations of the rst stage can be done to nd how thge e ects will alter
the performance. The bias voltage is adjusted at both tempa&tures to maintain a DC
current of 400 A. When the temperature drops from 27 C to -50 C in simulation,
the g, increases by 34% r increases by 37%, but the, does not change at all.
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Therefore, the rst stage will have a larger gain and, from agption 4.2, a decreased
input resistance. Because the DC currents change so much hwviemperature, it is
important to ensure the biasing circuitry can compensate fdemperature variations.
Current mirrors based on transistor ratios are used to the caect currents across
the chip. The chip's resistors also experience changes irethcharacteristics. Since
the diusion resistors that used as a load in the rst stage a& based on charge
carriers, they also change with temperature. The general @afion for modelling the
temperature change in a resistor is:

R(T) =R(Thom)[1 + TCL(T  Toom) + TC2(T  Tnom)?] (4.22)

The two temperature coe cients TC1 and TC2 are dependent on the fabrication
process and are determined by empirical testing of devicesthat particular process.
Across the -50 C to 27 C temperature range, the resistors wihly change by 8.9%,
which is within the tolerance the circuit is designed to hane.

In addition to device characteristics, temperature also dectly a ect thermal noise
(see equation 2.17). As the temperature drops in Antarcticahe thermal noise of the
load resistor, antenna resistance, and any other parasitiesistance reduces as well.
Therefore the noise performance will be better in the cold einonment of Antarctica
than normal room temperature. Shot noise is not a ected at gl as long as the DC
currents remain the same, and the I/ noise is minimally a ected [52].

4.3 Noise Optimization

In order to nish the design of the rst stage, the sizes of thedevices, bias current,
and resistor values still must be determined. Noise is mosnportant in this stage

because it the largest contributor to the noise of the wholenapli er (see Section

2.4.5), so all of these parameters will be optimized for neisThe physical sizes of the
resistor and transistors are made large enough to keep thef 1hoise below the shot
and thermal noise sources. The remaining noise sources candalculated in terms
of the bias currentlpc, and then used to nd the optimal current for the best noise
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performance.

Current Noise (pA/sqrt(Hz))
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Figure 4.7: Noise components of rst stage in terms ¢ at 1 kHz. The BJT voltage,
BJT current, and load resistance noise sources are compared

First, the load resistor R; generates thermal noise, as described in equation 2.17.
In addition to providing the load to the transistors, the resstor R; also sets the DC
level of the input of the second stage. The size of the resistshould be maximized
for the largest gain and the smallest thermal current noiseso the output DC level
should be set at the minimum the second stage can accept. Iniglcase, the output
level is set to 1.1 V, so there is a 1.4 V drop across the resistd he resistor value in
terms of I ¢ is:

= =27 (4.23)
Ic Ic

By using the above equation 4.23 for the load resistor noisadithe vs | curve
for the transistor with equation 4.20, all of the noise souss are in terms of the bias
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Figure 4.8: Total noise current of rst stage at 1 kHz, showig minimum at 163 A.

current | c. The result is plotted in Figure 4.7. The current and resistonoise increase
with bias current, while the voltage noise decreases. Whehdse sources are added
together to calculate the total noise, there is a clear miniom (see Figure 4.8). This
minimum at 163 A, represents the bias current that produces the lowest n@sat

1 kHz.

Using this method for several di erent frequencies and pltihg the results together
produces Figure 4.9. The noise minima occur at lower bias cents over most of the
bandwidth. Because the ampli er must work over a wide bandwith of frequencies
and only one bias current can be chosen, there must be a compise. At lower bias
points, the noise varies greatly with frequency (the curveare all separated), but at
higher bias currents, especially above 1 mA, the noise is rumore constant (the
curves are nearly on top of each other). Therefore, choosiaglarger bias current



50 CHAPTER 4. AMPLIFIER DESIGN

10
—— 30Hz
——— 50Hz
————  70Hz
~ ——— 100Hz
z 10° ——— 200Hz
E 300Hz
o
2 ——— 500Hz
3 1000Hz
g ——— 2000Hz
S 10 ——— 5000Hz
< ———— 10000Hz
c
g
5
o
< 0
g 10
|_

10 8 » ” 2
10 10 10 10

Bias Current (A)

Figure 4.9: Total noise current of the rst stage at variousrequencies. The minimum
at each frequency occurs at a lower bias point as the frequgnacreases.

produces in a more constant (or atter) noise oor.

By plotting all of the bias currents at the minimum noise for ach frequency as
shown in Figure 4.10, it is easier to see the dependence omfrency. When choosing
the bias point, it is also important to consider the 5 mW powedimit. At a 2.5V
supply, only 2 mA of current is available for the whole amplier. Additionally, a
larger current results in a larger load resistor, which pragtes more gain. For this
design, a bias of 400 A results in good performance at low frequencies, keeps the
noise response at in the middle of the band, and leaves 1.2 n&ailable for the rest
of the ampli er.
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Figure 4.10: Bias current for minimum noise across frequend-or most of the band
of interest the minimum noise current decreases with frequey. A single bias point
must be chosen for the ampli er, requiring a compromise.

4.4 First Stage Final Design

The selection of the bias current determines the remainingedign parameters. The
load resistorsR;, and Ry, are set to 3.5 k to ensure the correct output voltage of
1.1 V. Since these resistors can change by 10% during fabtica, the output voltage
will stay above 1 V over the process variations.

The rst stage voltage gain is calculated to be 10.9 at DC, frm equation 4.6.
Since this gain is dependant on the load resistors directlthe gain will vary by the
same 10% that the resistors do. The bandwidth of the gain ighited by the parasitic
capacitances of the input transistors Q1. WithC = 514 fF, the rst pole is at
88.5 MHz, far above the needed frequency range (see equatdoib6. The other pole
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changes withRs and therefore is more complicated. When th€ = 3:88 pF is used
and the pole calculated across the frequency range, the petdtles to about 637 MHz.
Since these poles are out of the band of interest, this stageas$ not limit the ampli er
bandwidth.

The input impedance described in equation 4.4, with the 400A current results
in 128.2 . When this input impedance is re ected across the tiansformer, the result
is a 0.501 input impedance at DC. Since the impedance is lowghan needed, the
parasitic resistances of the transformer, bond wires, anamnectors can be accom-

modated.

T T

Voltage Noise (v/sqrt(Hz))

-12 R L ;;;;;;gi R
10 10 10° 10* 10 10
Frequency (Hz)

Figure 4.11: Ampli er and antenna noise referred to antennaput.

The total noise re ected back to the antenna is plotted in Figre 4.11. Below
1 kHz, the ampli er noise drops below the antenna noise. At & lower band, the
noise performance of the system is limited only by the thermhaesistance of the

antenna.
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Figure 4.12: Ampli er and antenna noise referred to equivaht magnetic eld. A
triangular antenna with a 10m base and 5 turns was used.

By incorporating the antenna parameters that are used in thenal system, the
noise can be referred back to the magnetic eld as in equatich15. The 10 m base,
5 turn triangular antenna is used to calculate the eld noiseshown in blue Figure
4.12. It is clear that the frequency dependence of the indwteoltage in the antenna,
V,, and the reactance of the transformer together produce a pnse that is at over
two frequency decades, just as discussed in Section 2.2.heTantenna thermal noise
(included in total noise calculation) is also depicted sepately in green to indicate
the fundamental sensitivity limit for the system. The simuated curve matches the
calculations closely, which con rms that the calculationsdescribed in the Topology
Section above (4.2.1) approximate the performance well artidat all of the major
contributors are accounted for and modeled properly. The tal noise stays below
the 1 fT/ P Hz speci cation above 200 Hz, which means the small electrmagnetic
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signals will be visible with this ampli er.

4.5 Second Stage

The second stage provides gain for the ampli er, while maiatning the correct DC
level to bias the output stage properly. The output DC level bthe rst stage changes
directly with the load resistor values. Since the processlarances for these resistors
are at about 10% this stage should be able to handle a 10% vdiaga in input DC
levels. It must also have a high input impedance in order to mimize the loading on
the sensitive rst stage. Since the current gain of the rst tage is unity, all of the
current noise at the input of the second stage is just as imp@ant as the rst stage.
For this reason, BJTs are used instead of MOSFETSs for the sewbstage as well as
the rst stage.

RzaIM3 [P Vied[~  SRa

V2 V2+

+

V%—( Q2 :1_\/.1

Figure 4.13: Topology of Second Stage.

A standard di erential pair was chosen for the topology, whih is shown in Figure
4.13. This topology rejects common mode signals and therefaaccommodates large
changes in input DC levels. The tail current is generated by &JT in order to
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provide good temperature compensation and coordination thithe rst stage. Since
the loads of this device are not connected directly to the tsstage, MOSFETSs can
be used, allowing for tighter control of the output DC level. The resistors provide
some temperature compensation as well as reducing the gam itnprove stability.
The three stages of gain provide ample gain for this applidah, so it not important
to maximize it. The load resistors set the DC level with the PNDS devices (M3)
ne tuning it. Since this is a high gain stage, small capacite are required between
the output and input to compensate the stage and remove any nidency torward
unwanted oscillations above the band of interest.

45.1 Second Stage Gain

The gain of a di erential pair is the transistor transcondu¢ance multiplied by the
output impedance. Since the impedance of the load resist@ finuch lower than the
parallel combination of the NPN and PMOS transistor, it is tte only one included in
the gain equation.

IcRL2
Vi

G2 = gnRi2 = (4.24)

4.5.2 Second Stage Frequency Response

Since the band of interest is below 100 kHz, a Miller capacit&,, is used between the
output and input of the stage to limit the bandwidth of the stage and the potential for
unwanted oscillations. This capacitor increases the feealtk capacitance well beyond
the Ccg parasitic capacitance and pushes the pole lower in frequgndhe apparent
capacitance is increased by the gain of the rst stage, so alagvely small Miller
capacitance can have a large e ect on the pole. The equatioorfthe pole location is
as follows:

1
Second Stage Input Pole =
geinpu 2R 1Cn(1+ Gy)

This pole determines the gain rollo frequency for this stag, so the Miller capacitor
should be chosen to set the bandwidth as needed.

(4.25)
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4.5.3 Second Stage Noise

The stage has noise contributions from the BJT devices, loadsistorsR,, and load
PMOS devices. The BJT current and voltage noise is the same asthe common
base con guration (equations 4.17 and 4.18). The resistavdd has thermal noise just

like the rst stage:
—— 1 K1 AF
i2,=4kT — f +
'R2 R; wif
The PMOS devices produce shot and 1/noise as discussed in Section 2.5.4. When
all of the noise sources of the PMOS device are representedily sources (2.4.4), in

the same manner as with the BJT devices, the sources are:

(4.26)

V2 _ g —akt2t o fek e (4.27)
PMOS g2 30m gafA; .
. lecz_ 1 2C2 2 |

iz =i2+ %2 =2qlg f + 9 AT Zg,+ K2 f 4.28
IPmos =g %A lg ale % 3gm fA ( )

The PMOS noise is greatly reduced because it must be divideg the gain of the
second stage in order to refer it back to the input.

A noise optimization could be done with this stage just likehlie rst stage. How-
ever, as long as the noise from this stage stays below the rstage noise, it does not
matter whether the noise in the second stage is reduced to thptimal level. Instead,
it is best to conserve bias current in order to meet the powepsci cation, once the
noise is reduced until it no longer a ects the ampli er as a whle.

4.5.4 Second Stage Design

With a tail current in device Q4 of 345 A and a load resistorR, of 8 k , the second
stage has a gain of 58.1. The gain rolls o at 30.7 MHz, well abe the needed
bandwidth.

All of the noise sources from the second stage are compareddther, along with
the rst stage in Figure 4.14. By making the bipolar devicesn the second stage large
enough, the noise they contribute remains below the currenbise from the rst stage
across the full bandwidth. Since the PMOS noise is severalders of magnitude larger
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Figure 4.14: Comparison of noise components for the rst twstages and the thermal
antenna noise, referred back to the antenna. The rst stagecludes the BJT voltage
noise, BJT current noise, and thermal noise frorR;. The second stage also includes
the BJT voltage noise, BJT current noise, and an a PMOS load.

than the thermal noise from the resistor load®,, the resistor noise is not shown. It
is clear that the total noise contributed by the second stages lower than the rst
stage, and therefore this stage does not a ect the noise pemnfinance of the ampli er

as a whole.

Figure 4.15 shows the total noise referred to the eld. Thisasult is nearly identical
to Figure 4.12, which again shows that the second stage desidpes not degrade the
sensitivity of the ampli er.
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Figure 4.15: Total noise from the rst two stages referred ek to the input eld.
Assumes a 10 m base triangular antenna with 5 turns.

4.6 Output Stage

The main purpose of the output stage is to provide enough cumt for the entire
voltage swing of 1 Vpp to be as linear as possible. The outpubiage also needs to
remain as close to the half of the supply voltage (1.25 V) as ggible to accommodate
the swing. This ampli er is not an Op-Amp, so the amount of curent it needs to
supply is not large. An aggressive speci cation for this antiper would be to drive a
100 pF capacitor at 50 kHz. In this case only 31A is needed, and so a quiescent
current of 285 A would be plenty to slew su ciently. This 285 A current represents
only 15% of the entire power budget and so it will keep the amiptr below the power
budget.

Since there is not enough headroom for emitter degeneratjdhe topology for the
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Figure 4.16: Topology of third stage.

output stage is a simple common-emitter ampli er with an adtve load, see Figure 4.16.
Using a PMOS device in the signal path is unusual, but at thedew frequencies, the
device speed is not an issue, and the gain reduction is easiigde up by the other two

stages. Additionally, an extra level shifting step is not rquired because the output
DC level of the second stage is already high.

4.6.1 Third Stage Gain

Since this stage has a standard topology, the gain calculati is straightforward.
Gz = gnRo =211 (4.29)

The output resistanceR, is a combination of the output resistance of the PMOS
device (Q5) and the load (Q6). This topology does assume a hignpedance load,
since the load will be in parallel with the output resistanceand cause a reduction in
gain.

The bandwidth of this stage is limited only by the parasitic epacitances of Q5.
Both MOSFETS in this stage are made large in order to improverlearity and match-
ing, however the parasitic capacitances are also increaselich then limit the band-
width. Because of Miller multiplication, the main pole is déermined by the gate-drain
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capacitance

1
Pole = =5:53MH 4.
ole 7R Con(1+ GJ) 5:53 MHz (4.30)

Because this pole is well outside of the band of interest, ib@és not a ect the ampli er

as a whole, but removes any unexpected oscillations at higteduencies.

4.6.2 Third Stage Linearity

Linearity determines the quality (or delity) of the received data, and is required
for con dence in the recorded data and scienti ¢ results. Ahough MOSFETs are
generally assumed to be linear in normal operating conditis, they follow a square
law relationship (see equation 2.33). This nonlinearity ihe most apparent when the
signal has a large swing, and so is most important in the outpstage. Linearity is
often improved with topologies that linearize the transistrs, such as emitter degen-
eration and cascoding. However, these topologies are notspible with such a low
supply voltage.

The design parameters must then be optimized for linearity ihin the limited
topology. Because the ampli er is fully di erential, all of the even harmonics are can-
celled out, leaving only the third and fth harmonics as majo contributors. Channel-
length modulation causes the output impedance to change Wwithe drain-source volt-
age as discussed in Section 2.5.3. However, in short chardlices, the drain induced
barrier lowering has the opposite e ect, resulting in a mordinear response [38, p.
591].

Another mitigating e ect is velocity saturation, which ocaurs in modern devices
with short lengths. Velocity saturation linearlizes the réationship of I, to Vgs and
also minimizes the e ects of pinch o in the channel, reducig the e ects of a changing
Vbs [38, pp. 587{589]. Therefore, linearity is also improved bincreasingVps, Or
lowering the output DC level. Since the mobility of PMOS dewes is lower than an
NMOS, they reach this condition much quicker, which means #t PMOS devices are
actually more linear than NMOS and is another reason they werused in the signal
path in this stage.
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4.7 DC Level Control

Vbias'_q [:MS

V‘i+“Lo| [“m7

Figure 4.17: Schematic of feedback for DC control. The gem¢ed voltageVy, is used
to bias the load MOSFETs M3 in the second stage.

The output DC level must be kept near 1.25 V to allow for a largeutput swing.
The second stage easily accommodates large changes from ttétestage, so only the
second and output stages must be controlled. The output vage is maintained by
small feedback circuit which compares the output voltagesith a standard voltage
developed by a resistor divider R4 and Rs). Since the matching between devices in
integrated circuits can be less than 1% with careful layouthe resistor divider will
produce the correct reference voltage, even if the absolwealue of the resistances
varies with the process. The dierence in the output voltage are added together
(M13) and then fed back (with M15) to the load PMOS devices M3ni the second
stage. Since this circuit is out of the signal path and in thedxk end of the ampli er,
it does not a ect the noise at all. The sensing transistors Mand M12 must be as
small as possible to minimize the loading on the output tramstors and preserve the
linearity.
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4.8 Full Amplier

Combining all of the stages together results in the nal ampler design that must
be characterized as a whole. It is important to make sure thahe stages do not

cause unexpected interferences, so the simulated perforroa of the full ampli er is
compared with the speci cations.
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Figure 4.18: Total current gain of the full ampli er. Severd process variations are
shown, including the resistors changing by 10% and the traissor properties.

The total gain is shown in Figure 4.18 in blue. Although the ga appears to
rollo at low frequencies, the gain is actually at to DC. This rollo artifact of the
simulation method for the transformer. In order to make surehe chip will still
function well over process variations, several example easare graphed. In this
case the \slow" and \fast" transistor models represent the remes of the process
variations alterations to the device performance. Althoug the gain changes with
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these variations, the ampli er still works and keeps the sam frequency response.
The resistors were also varied by 10%, and again, the gain nm#tgde changes, but
the circuit works as expected. Throughout all of these varieons, the gain exceeds
the 0.015 V/nA speci cation.
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Figure 4.19: Total current noise of the full ampli er. Seveal process variations are
shown, including the resistors changing by 20% and the traissor properties.

The total noise is graphed in Figure 4.19 and remains esseily the same as the
rst stage noise shown in Figure 4.6. The minimum is at 1.8 pAF/) Hz, and stays
below the 7.8 pA/IO Hz down to 130 Hz.

The input impedance is 0.501 which is a good match the inputignal. The
linearity is the performance metric that was not met, due to lhe low supply voltage.
Without enough headroom for stacking the linearity su ered Although it would be
ideal to design for the full 96 dB dynamic range of the ADC, ogl68 dB was achieved.
The ampli er's power consumption was kept below the 5 mW limiat only 4.63 mW
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of power.

4.9 Layout

Layout for analog designs, and especially for low noise dgss, must be done by hand
instead of using automatic algorithms because careful attton must be paid to ensure
the parasitic resistances and capacitances do not impacterampli er performance,
especially noise [22]. Every metal line and via between lageadds resistance, thus
wide lines and multiple vias must be used in critical areasnlthis design the resistance
in the two input signal lines are most crucial and can degradi#e noise performance
of the whole ampli er. All of the parasitic resistances shdd be reduced below the
antenna resistance of 1 . The base resistance must also bemmized as discussed
in Section 4.2.5.

In a di erential design, a small mismatch between the two sigal paths is ampli-
ed and can cause the output voltage to rail to either ground ppower, rendering the
ampli er useless. It is important to ensure that all of the deices in the two paths are
as identical as possible so that their characteristics areatthed to prevent the DC
saturation. Since there are variations across a wafer thaicour during fabrication,
the best way of improving matching is by using a common-cemtid layout [12, p.
476]. Each transistor, resistor, and capacitor in the desigs split into several smaller
devices, and then arranged in a common-centroid pattern. @brtunately, this tech-
nique often makes the metal connections between the devigaesre complicated, so
it is important to ensure that the resistances from the extravias are not too large.

A die photo of the completed ampli er is shown in Figure 4.20.Since only the
top few metal layers are visible it is di cult to see much of the circuit sections. The
die size is 772 m by 822 m, which ts easily in a standard 8-pin package. For
any additional applications of this chip where physical s&is even more important,
a smaller package can signi cantly reduce the footprint.
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Figure 4.20: Photo of ampli er chip die. Only the top few layes of metal are visible.



Chapter 5

Testing Method

This chapter discusses the testing methods developed forighampli er. The rst
Section describes the signal conditioning method to prowdthe correct input signal.
This ampli er is so sensitive that ambient noise that coupls in to the wires distorts
the output voltage. The output voltage can not be determinedgimply by viewing an
oscilloscope, thus processing is needed to remove the ambi®ise and determine the
correct measurement and is described below. Finally, the roplete test setup that
produced the measurements shown in the results chapter isegented.

5.1 Signal Injection

The ampli er requires a balanced di erential input signal entered at 0 V DC. Addi-
tionally, the signal must be very small (microvolts), and fo results that would apply
to the system as a whole, be injected with a complex, low impadce source. Func-
tion generators produce signals down to only millivolts wit either 50 or very high
impedance, so some signal conditioning is required for tegj. One way to inject
the proper signal is to connect the antenna and transformerotthe ampli er, and
then place the antenna in a appropriate magnetic eld. Howear, it is impractical to
produce a known illuminating eld that is constant across tle span of the antenna.
Additionally, the very sensitive antennas pick up so much efronmental noise (espe-
cially from power lines), that the ampli er is always in satuation when it is connected

66
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to the antenna in any lab environment.

Dummy Loop

67

Figure 5.1: Test setup using dummy loop instead of antenna.oGponentsR,,L 4,Rcar,
and C, are all part of the dummy loop. TheV,, signal is provided by a function

generator and should have a high output impedance.

A better approach is to use a dummy antenna which has the samepedance

as the antenna but no collecting area. Figure 5.1 shows thedmy antenna design

used for testing and how it is connected to the ampli er. The atenna impedance is

provided by R, and L 5, while R¢y and C.4 are chosen by the following derivation.

The current owing to the ampli er (i.e. from the secondary o the transformer)

from the sourceVy IS:

where

2 13
R
j2fL , @1+$A
| = 0 cal
" Ra+j2fL o+ Z,
ZRcal(@l'{'—A

f o= 1
cal 2R caICcaI

(5.1)

and Z, is the impedance on the primary side of the transformer loakgy into the
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ampli er. The current produced by the antenna voltageV, is:

- Va _ j2fN LAB (5.2)
" Ra+j2fL o+ Z, Ra+j2fL o+ Z, '

If these two input currents are equated, the relation betweeV,, and V; is found:

2 3
1+ fcaI
2N AR B it
Veg = 220 g ‘ % (5.3)
La . 2L ,
+
IfR a
If Ccai IS chosen as follows:
La
C = _ = 54
cal RaRcaI ( )

and (2.5) is used to replacéd/,, the relationship betweenV,, and an equivalent mag-
netic eld can be found.

2NaAaRca B
Vea = =2 (5.5)
a

Note that all of the terms with Z, have dropped out, resulting in a simple calibration
method that does not require any knowledge of the impedancé the transformer

and ampli er. Only the impedance and area of the antenna arestevant. Since the
frequency dependencies have dropped out as well, a simpleltiplication converts

between the input signal and the equivalent eld for any antena. The result is a
compact signal conditioning method that uses a standard fation generator. This
method also can be used for calibration in the eld during ddpyment and mainte-
nance, which allows the users of the data to know how much elthe output recorded
voltages correspond to.
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5.2 Detecting Signals in the Presence of Strong
Noise

A direct measurement of the output voltage of the ampli er ca not be made in a
typical lab environment with an oscilloscope because the ggence of large interfer-
ence from 60 Hz power lines and its harmonics that dominate éhwaveform. As long
as the 60 Hz contamination does not saturate the preampli era narrow-band signal
magnitude can still be measured in the frequency domain. Tado, the output signal
is rst recorded and then transformed to the frequency domaiwith a Fourier trans-
form and appropriate windowing. The magnitude of the signaat the test frequency
is found, and then converted back to voltage. This method als the measurement
to disregard the signal power in other frequencies which negsent ambient noise.

The accuracy of this method can be greatly improved by usingsaitable window.
When a rectangular window is used, it produces a broadbandsgmonse (with a sinc
function shape) in the frequency domain, distorting the rests. Instead, multiply-
ing a time data record by a Gaussian window of suitably chosemidth produces,
in the frequency domain, a Gaussian convolved with the Fown transform of the
unwindowed signal. This Gaussian response in frequency, evhrepresented as the
log of the amplitude, becomes a simple quadratic function dfie frequency. Fitting
a quadratic to the log of the amplitude response a ords a sini¢ and robust means
of accurately estimating both the frequency and amplitude fahe frequency domain
response.

The implementation of this method is done after the testings completed, and
requires only a few seconds of computation for each test fumcy. First, the function
gausswin is de ned as:

gausswink; )= e z(x)? (5.6)

where the standard deviation is the inverse of . The Fourier Transform of the
gausswin function is then:

P - 2
F (gausswin) = —=—e ") (5.7)
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In the frequency domain, the Gaussian becomes another Gaasswith a standard
deviation of and magnitudeIO 2= . In order to produce a Gaussian with a unity
magnitude in the frequency domain the inverse of this fact@hould be multiplied in
the time domain. This scaling assures that the multiplicatn by the Gaussian does
not attenuate the magnitude in the frequency domain.

F(Mout) = p?gausswin(\l; ) (5.8)

whereN is the number of points that will be used in the Fourier transfrm. After this
Gaussian window is multiplied by the recorded data, aN point fast Fourier transform
(FFT) is taken. The transformed signal is squared (to convéto a normalized power)
and then converted to dB.

To nd the magnitude of the peak of the signal in the frequencyglomain, the three
largest points around the maximum are selected, shown by thdack \x" inside the
box indicating data points in Figure 5.2. The power of the loest frequency of the
three points is assigned , the actual maximum is , and the last is . The following
two equations are then used to estimate the true magnitude tifie peak.

=

d (5.9)

"2 2+

Peak Magnitude = ( )of (5.10)

This magnitude, shown as a red cross in Figure 5.2, is then sented back to linear

scale from dB. To nd the nal voltage the result must be multiplied by a factor of

four involving two factors of two. The rst factor of two accounts for the Fourier

Transform's factoring the signal in half between positive rad negative frequencies,
and the second factor of two converts from amplitude to peato-peak because the
output is a di erential signal.

This method was veri ed by taking data with an alternate, knavn system at
high enough frequencies that the 60 Hz and harmonics did nagsi cantly distort
the oscilloscope view of the output waveform. The voltage wameasured on the
oscilloscope, and then the above calculations were perfadfor comparison.
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Figure 5.2: Example interpolation of data in the frequency @main. The data points
are represented by blue squares. The three points used foretinterpolation are
marked by a black \x" and the interpolated maximum is marked ly the red \+".

In order for this method to work the frequency bin sizef=N, where N is the
number of points in the FFT) must be small enough to sample thguadratic peak
in the frequency domain with enough points for the quadratienterpolation. In the
measurements done for this project, a minimum of 6 samples tre frequency peak
is retained to ensure the necessary accuracy. Since the baidth of this ampli er
covers several decades, the sampling rate must be adjustedensure that both data
is recorded for a long enough time, and thall is large enough. To further improve
accuracy, four Fourier Transforms of were averaged togethi®r each measurement to
lower the noise oor and remove any small time varying uctugions. Additionally,
large spurs (normally from power harmonics) distort the exgcted quadratic shape
and invalidate the measurement. It is important to look overthe spectrum during
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testing and choose frequencies in quieter regions.

5.3 End-to-End Test Setup

The main problem for the test setup for this ampli er is the anbient noise coupling
into the signal path. Even with the use of a dummy loop insteadf an antenna, the
ampli ers saturate without any injected signals. Power lie harmonics are the largest
contributors, but there is also noise from other electrongcin the lab and rest of the
building.

To keep power line harmonics from being injected directly i the ampli er, the
ampli er is powered from a set of small batteries instead ofraswitching power supply.
The signal is captured and recorded by a National InstrumestDAQ card, and stored
in a computer for the processing described in the previouscien.

S

Figure 5.3: Block diagram of testing setup. The ampli er, dmmy loop, and batteries
are all placed in a three layer mu-metal can for magnetic stigng. The DAQ card
and computer capture and store the data for processing.

The ampli er must also be shielded to limit the ambient noise Because the wave-
lengths at these low frequencies is so large (power line hamics are in the 100 km{
1000 km range) and the electromagnetic attenuation takesweal wavelengths [4, p.
370], a simple Faraday cage will not provide enough shieldirior the magnetic eld.
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Instead, a three layer mu-metal container, which has a largeermeability, is used
to shield the dummy loop, batteries, transformer, and ampkr from the magnetic

eld. This can is conductive both electrically and magnetially, and achieves 87 dB
of attenuation. For the most sensitive noise measurementfie can must also be kept
away from power outlets, people, and other electronics as pluas possible. The
complete testing setup is shown in Figure 5.3.



Chapter 6
Measured Ampli er Performance

The measured results of the fabricated ampli er are preseatl here, and are also
compared with the speci cations. All the tests used the metbds described in the
previous chapter.

6.1 Power Consumption

The power consumption requirement is important in order to esure the system has
enough power to continue operating for a full year on battezs. The measured current
is 1.92 mA, which at a 2.5 V supply results in a 4.8 mW power comsiption. This
result is below the 5 mW speci cation, and leaves a small burefor unexpected
variations.

6.2 Gain and Frequency Response

The gain of the ampli er was measured using the setup desced in the previous
chapter. The results, shown in Figure 6.1, are compared witthe simulation. The
rollo at low frequencies is an artifact of the testing setup The transformer's response
rolls o at 300 Hz and below this point very little of the injected signal passes through
to the secondary (see Section 2.2.1), causing an apparerduetion in the gain of the
ampli er even though its response is at down to DC. The simuktion's representation
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of the antenna and transformer causes the simulated rollo ot have a di erent shape
than the measured results. Since both the injected signal drthe output signals
are decreasing rapidly, the gain ratio begins to approach &m/zero condition and
produces a noisy result. There is good matching midband, Wit gain of 0.035 V/nA
so the needed gain of 0.015 V/nA was achieved. The high freaqug 3 dB rollo is

at 230 kHz, which is much larger than the 30 kHz needed by thiggect.
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Figure 6.1: Measured current gain compared with simulation

In order to make sure this ampli er has the correct gain and iponse for the
system as a whole, the response of the system with the antenisashown in Figure
6.2. The measured and simulated gains match very well acra$e band, and the
measured system gain is 0.275 V/pT.
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Figure 6.2: Measured gain of antenna, transformer, and ampgk together compared
with simulation. The antenna is a ve turn triangular antenna with a 10 m base.

6.3 Noise and Sensitivity

The rst step when performing these measurements is to reabithe output noise
with no injected signal. The output noise is then referred ek to the input, and
the contribution of the antenna resistance is removed to lga only the noise of the
ampli er, shown in Figure 6.3. The data is averaged four timeto reduce the variance,
and then a low pass lIter is used to remove the large spuriousoise peaks, most
of which come from power line harmonics. The measured noisenrains below the
7.8 pA/p Hz speci cation between 200 Hz and 363 kHz, and reaches 2 ;?AIE The
bandwidth of the noise is determined by the gain response, g rollo s correspond
to the gain rollo s in the previous Section.

The system sensitivity is determined by assuming an antenrend referring the
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Figure 6.3: Measured current noise referred to the input ohe ampli er compared
with simulation. The data has been averaged four times andvopass lItered to
remove spurious noise peaks.

noise back to the input eld. Again the ve turn, 10 m base triangular antenna is
used, and the results can been seen in Figure 6.4. The senditi represents the
smallest signals that the system can detect, and for this dgs, it remains below the
11T/ P Hz speci cation from 234 Hz to 370 kHz. The minimum sensiti% it achieves
is 0.25 fT/p Hz, so within most of the band of interest, the system is liméd by the
atmospheric noise instead of measurement noise. The antarthermal noise is shown
in green for reference, and represents the minimum this ampt can achieve. If fur-
ther improvement in sensitivity is needed, a larger antennean be used if the physical
space and material weight permitted (as discussed in Secti@.1.1). Although the
simulation models the actual performance well in the middlef the bandwidth, it
underestimates the noise at the edges of the bandwidth. Atvofrequencies, the
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simulation does not accurately model the ¥/ noise of the actual fabricated devices.
Also the noise at the output of the ampli er decreases rapiglat the bandwidth edges
along with the gain, making the noise measurements in thesegions less accurate.
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Figure 6.4: Measured sensitivity of antenna, transformegnd ampli er together com-
pared with simulation. The antenna is a ve turn triangular antenna with a 10 m
base. The antenna thermal noise portion of the total noise ghown in green as the
lower limit to the system performance.

6.4 Linearity

The linearity is tested by measuring the harmonics of the oput signal, and compar-
ing them to the magnitude of the fundamental. The result is déed the total harmonic
distortion (THD) and is a measure of how much energy is diveetd away from the
fundamental. The magnitude of the harmonics decreases rdy with each harmonic
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power, so for this testing only the rst ve harmonics were masured. The equation
for determining the harmonic distortion is then:

V22 + V32 + V42 + V52
Vf 2

THD = (6.1)
whereV; is the fundamental frequency of the signal that was injectefl2, p. 360].

The measured distortion for this amplier is 57 dB. With a 16 bt ADC, the
dynamic range of the system is theoretically™2 1, or 96 dB. Since the ADC will have
some noise, its dynamic range will be slightly lower, closér 90 dB. The ampli er's
dynamic range is less than the ADC, so the ampli er limits thedlynamic range of the
system as a whole. However, since these distortions only &ap with the strongest
signals, and decrease dramatically as the input signal isdced, the data will not
be a ected unless there is a strong, nearby impulsive signaldditionally, at higher
frequencies, these harmonics will be out of the band of inest, so they will appear
only with the strongest signals that occur in the lower half bthe bandwidth.



Chapter 7
System Design

The amplier was incorporated into a full magnetic receiversystem intended for
deployment in Antarctica. Since the rest of the system mustddesigned to integrate
well with the ampli er in order to meet the system speci cations, the remaining
portions of the analog front end are discussed further her&he antenna and input
transformer designs are discussed in Section 2.3. The anwliboard and the anti-

aliasing Iter designs are included in the Sections below. hie digital and mechanical
systems designed by Max Klein [21] were combined with the dog portions, and
the full system was then eld tested in Antarctica and the realts from this test are
presented.

7.1 Preampli er Board

The preampli er board includes the transformer, ampli er, bu er, and output trans-

former, as shown in Figure 7.1. Power is supplied by the digitbox at 3.3 V. Since
the ampli er's supply must stay below 2.5 V, a linear regulabr is used to drop the
voltage from 3.3 V to 2.5V. Any switching power supply would reate too much noise
in band, and must be avoided near any of the analog circuitryAlthough they are
not shown here, it is important to add capacitors to every sygy pin on each chip to
minimize the low frequency noise on the power line from leailg into the signal path.
The diodes (D and D,) at the input of the ampli er protect the chip from damage
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from large input signals and any accidental temporary shostduring handling and
deployment.

After the custom ampli er chip, the two low noise opamps (AD®86) provide the
required current to drive the transformer and long cable witout slewing. Capacitors
C4 and Cs are used to limit the bandwidth of the op-amp circuits to impove sta-
bility. The output transformers were also custom made to emse their quality. The
transformer steps down the impedance with a turns ratio of B; so that the bu er
ampli er can drive the 78 cable. It also provides electricd isolation from the cable
and digital box. The output capacitors Cs and C; roll o the gain below 48 Hz,
and protect the chip against any slight imbalance in output @ current. Since there
are two channels (with the antennas set up orthogonally to dect waves from any
direction), each board has two copies of this circuit.

Custom Ampli er

1:N;
+
Vin %Hé:L D,¥D>x

Figure 7.1: Simplied schematic of preamp board. Power supp regulation and
capacitors are not shown. Each board has two copies of thigatiit, one for each
channel.

The nal board is shown in the photograph in Figure 7.2. To coserve space,
one channel was placed on each side of the board. The board.ig52inches wide by
5.75 inches long, with a total height of 3.0 inches. To keep Warm, the board was
placed within two layers of 0.5 inch insulation with an R-vale of 3.18 MK/W each,
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and protected with an aluminum box. The nal box has two antema connectors, and
a single cable that connects to the digital box. The nal ver®n of the box assembly
is 10 inches by 12.25 inches by 5.75 inches, but can be reduredize, as long as the
insulation thickness remains the same.

Figure 7.2: Photo of preamp box including preamp board and salation. Each box
includes two analog channels.

7.2 Anti-Aliasing Filter

The lIter board is located in the digital box, and provides the anti-aliasing Iter before
the signal is digitized. The Iter shown in Figure 7.3 is on aeparate board from the
rest of the digital electronics to minimize noise couplingito the analog signal before
digitization. Additionally, the separate lIter board allows for easy replacement with
a new lter if a di erent bandwidth or response is needed for garticular application,
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with no need to change the rest of the digital board. The 78 lad resistance R;)

terminates the 78 cable without causing re ections. The two resistorsR, and Rz

are large and provide some isolation from the long cable. Thealso allow resistors
R4 through R; to set the DC level. The diodes provide protection from any tge

signal accidentally connected to the board. Next, the Op-Aps OP1, OP2, and OP3
(AD8606) are in an instrumentation ampli er con guration in order to convert to a
single ended signal and drive the Iter, which has a large retive impedance. This
instrumentation ampli er is also a convenient location whee the system gain can

easily be adjusted by simply changing the resistoRg, Rg, and Ry,.

D__R OP1

A

T A Ry Ris
AN AN

D2 A 4 R5 Rgé oP3

435pF  2013pF 1446pF
|1 |1 |1
1] 1] 1]

5k 36:5mH | 355mH | 334mH | 5k
AW aaee aaee atee AW

1214pF==2022pF==1951pF==1121pF=

Figure 7.3: Simpli ed schematic of Iter board. Power supp} regulation and capaci-
tors are not shown. The ideal values for the Iter componentare shown for reference.
Each board has two copies of this circuit, one for the signaldim each antenna.
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Figure 7.4: Simulated and Measured Filter Response. Measurent equipment is
limited to -70 dB, so data can not be collected past that point

The lIter is passive in order to save power and is a 7th order Ger (elliptical)
with a rollo at 30 kHz. It must reduce the gain to the noise oor by half the
sampling rate in order to prevent aliasing during samplingrébm contaminating the
data. With a sampling rate of 100 kHz, if the lIter response idown about 90 dB
by 70 kHz, the aliasing will a ect the data only above 30 kHz, Wwich is outside the
bandwidth desired for the receiver. The ideal component uas are shown in Figure
7.3. However, it is very dicult to control the capacitance and inductance of these
parts to the tolerance required to ensure the response me#ts requirements, so each
Iter must be individually tuned by measuring the actual conrponent values until the
correct combination is found.

The simulated and measured response are shown in Figure 7.Because the
measurement equipment is limited to -70 dB, the response bel that point could not
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be measured. The measured rollo is not as steep as the simigld, and the 3 dB point
is at 20 kHz instead of 30 kHz as shown in Figure 7.5. Althoughrther tuning can
improve the response somewhat, small parasitic resistasda the connections, board
traces, and especially the large inductors will continue tdegrade the performance.

Magnitude (dB)
NS

-4 | —8— Measured
— — —Simulated |: : ::

10°

Frequency (Hz)

Figure 7.5: Simulated and Measured Filter Response, zoomiedto the 3 dB point.
The roll 0 is at 20 kHz.

A small bu er after the lter (OP4) provides the needed current to drive the
ADC, while minimally loading the Iter. The capacitor Cg rolls o the gain at high
frequencies to minimize the noise bandwidth of the ADC. The BC (AD7687) is a 16
bit di erential converter with a 93 dB signal-to-noise-anddistortion (SINAD) ratio.
This large SINAD means that the ADC is not limiting the perfomance of the system.

The board size is 6 inches by 6 inches which is much more roonathis required
by the lter for both channels. The size of the Iter board is £t to match the
digital board so that they can stack together easily. The ler board and digital
boards are joined together and surrounded by 1 inch of insti@n with an R value
of 6.4 n?K/W. This insulated box is then installed above the battery pack, and
the assembly is surrounded by another 2 inches of insulatioThe batteries weigh
about 10 Ibs and are included in the second layer of insulatidoecause they are more
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e cient and last longer when they are warmer than the 55 C ambient temperature.

The full assembly is shown in Figure 7.6, and the box is 12 inet by 12 inches and
16 inches high. The system was tested at55 C in a thermal chamber in the lab
before deployment. The main issue that was raised during theold testing is the

damage that can be done physically to the boards by corrosialue to condensation,
often directly a ecting the system performance. Althoughtis cold enough to freeze
all water when the system is operating in Antarctica, all theboards are conformal
coated to protect them during shipping and deployment.

7.3 Field Test

The system was deployed in Antarctica by Max Klein (a gradua student in the VLF
group) in February 2009 at the South Pole [21]. A short test v rst performed for
ten days with the electronics on the surface of the snow to eme the system was
working. Then the preampli er box was buried about 4 ft belowthe surface of the
south directly under the antennas, while the digital electsnics were buried about 6 ft
under the snow. The system was left undisturbed until Novendy 2009, and the data
has now been transported back to Stanford for storage and entce use.

An example of the data is shown in Figure 7.7. Since the eld $ was conducted
close to the South Pole Station, noise from the generatorséelectronics is visible in
channel 0. Both channels detect a phenomenon called chorudjich are one of the
low level signals this project was intended to capture. Theeld test demonstrated
the usefulness of the system, and indicated issues that must addressed in the nal
system. The external bias for the ampli er chips make them diult to set correctly
in the eld. This problem is easily corrected by using bandgaonchip bias devices,
which are readily available. Additionally, there were intemittent digital timing errors
which caused portions of the data to be lost. These issues atgrently being resolved,
and the system is projected to be ready for Antarctica agaimithe fall of 2010.
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Figure 7.6: Photo of digital box, which includes the batteryback, digital card with
storage, and the lter card. Only the lIter card is visible.
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Figure 7.7: Data recorded in Antarctica during eld test. The noise from the South
Pole station is visible in channel 0, and chorus is observen both channels.



Chapter 8
Discussion

The main contribution of this work is the demonstration, forthe rst time, that an am-
pli er suitable for low frequency magnetic applications ca be successfully integrated
on a chiFE). Additionally, the ampli er successfully achieve the noise requirements of
7.8 pA/" Hz between 200 Hz and 363 kHz and a gain of 35 mV/nA, while renmai
ing below the 5 mW power consumption requirement. During theesign work, a
new noise optimization method was developed for the commabase topology, which
has general application in improving the noise performande designs with di erent
requirements.

The ampli er was successfully integrated in an autonomous agnetic receiver
system and eld tested in Antarctica. The recorded data hasxeellent examples of
manmade transmitters as well as common atmospheric phenamoa such as spherics
and chorus, demonstrating that the system will provide usaf data for science research
as they are deployed in the coming years.

8.1 Future Work

Any design is never completely nished as there is always neMteas and process
opportunities to incorporate. A standard bandgap referercfor on-chip biasing would
remove potential noise and functionality problems from temerature changes.

It would be interesting to experiment with how much the new lav power digital
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electronics radiate noise. If the digital box could be closnough that it was combined
with the analog circuitry, it would greatly simplify the system, since only a single box
would be required. The preampli er card would no longer neean output transformer,
but could instead go directly to the Iter card. However, it may be important to
thermally isolate the ampli er board, as the irregular powe consumption of the digital
electronics will cause the internal temperature to cycle.f lthere is a large thermal
change while the system is recording the data, it may a ect thampli er performance.

Linearity remains one of the areas where there could be the stdmprovement.
The most e ective strategy would be to introduce feedback tdinearize the output
stage. Additionally, if access to a BICMOS or bipolar procssthat can tolerate a
higher supply voltage could be acquired it allowing a largearansistor and more topol-
ogy options. This change would make the power consumptiomlit more challenging,
but it may be possible to achieve a better performance.

A process that includes PNP bipolar devices would also allcfer other improve-
ments. These PNP devices would be used as loads in the rst g&awhich would
remove the dependence of the rst stage gain and DC level onéhresistors that
change by 10%. This topology would also greatly increase tlgain of that stage,
making it possible to remove the second gain stage, and thegrsal would then go
directly to the output stage. These changes would simplifyhie design, leave more
current for the remaining two stages, and reduce the DC levdl culties.

8.2 Other Applications

This system can also be used in any remote location where a govwsource is not
available, merely by reducing the insulation as needed. &m@s from lightening and
low frequency transmitters can be monitored away from the nmmade noise that is
prevalent in all inhabited areas. These receivers can be deged in islands, jungles,
high mountains, and even inside a buoy. They can also be egshoved to a new
location. In sunny locations the system could charge it's Iti@ries with solar panels,
leaving the data storage as the only remaining limitation. A storage and processing
power continues to increase with technology advances, tleesystems could be serviced
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even less often.

This low power, low noise ampli er can be used in other applations where a low
impedance sensor is used. This chip would work well for hareld magnetometers,
where a compact, sensitive ampli er that will maximize batery life is needed. In
nerve research in isolated tissue, an array of sensitive alingrs is needed to detect
activity in the cells. This ampli er could be copied multiple times on the same die
to create an extremely compact array.

If the process is space quali ed, this design can also be usedatellite applications
where minimizing the physical size and weight of equipmens icritical. A smaller
package would reduce the weight further.
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