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ABSTRACT

ULTRA LOW POWER MULTISTAGE CURRENT MODE LOGARITHMIC
AMPLIFIER FOR FULLY IMPLANTABLE COCHLEAR IMPLANTS

Aslantiirk, Cansu
M.S., Department of Electrical and Electronics Engineering
Supervisor: Prof. Dr. Haluk Kiilah

June 2024, 100 pages

Cochlear implants (CI) are used for severe to profound hearing losses. Since Cls
suffer from damage risk, frequent battery replacement and aesthetic concern, Fully
Implantable Cochlear Implants (FICI) are preferred. Due to limitations of FICI sen-

sors, a front end circuitry that can process very low inputs is needed.

In this thesis, multistage current mode logarithmic amplifiers (LA) are presented to
be used as dynamic range compression and amplification blocks for FICI. MOSFET’s
subthreshold region operation is combined with parallel amplification parallel sum-
mation (PAPS) method so that accurate and process invariant logarithmic behavior
can be achieved with wide input dynamic range coverage and ultra-low power dis-
sipation for signals in the nano-micro ampere range. Parasitic extracted (PEX) sim-
ulations show that PAPS circuit successfully compresses 40dB input dynamic range
to 11.5dB output dynamic range with 2.5 W power dissipation for 20nA-2 A input

currents.

Channel selective current mode logarithmic amplifier aims to cover daily acoustic

band; therefore, channel selection mechanism is implemented which pre-amplifies



inputs when they are below certain threshold. This guarantees functionality of sub-
circuits while increase in power dissipation is minimized. PEX simulation results
show that channel selective LA compresses 52dB dynamic range to 13dB for 5nA-
2 A input currents while dissipating 19.17 W.

Both PAPS and channel selective LAs have two versions: externally biased and self
biased. Externally biased versions can be used with various sensors while self biased

versions eliminate dependency to external source.

Presented logarithmic amplifiers are also combined with remaining FICI interface

circuit blocks and system compatibility is confirmed.

Keywords: Logarithmic Amplifier, Fully Implantable Cochlear Implants, Ultra Low

Power Dissipation, Ultra Low Noise

vi



0z

TAMAMEN IMPLANTE EDILEBILIR KOKLEAR IMPLANTLAR IGIN
COK DUSUK GUG TUKETIMLI COK KANALLI AKIM MODLU
LOGARITMIK YUKSELTEG

Aslantiirk, Cansu
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Haluk Kiilah

Haziran 2024 , 100 sayfa

Koklear implantlar (CI), ileri dereceden ¢ok ileri dereceye kadar olan duyma kayip-
larinda kullanilir. CI’lar, hasar riski, sik batarya de8isimi ve estetik kaygi olustur-
malarindan muzdarip oldugundan, Tamamen Implante Edilebilir Koklear implantlar
(FICI) tercih edilir. FICI sensorlerinin limitleri nedeniyle, cok diisiik giris sinyallerini

isleyebilen bir 6n u¢ devresine ihtiyag¢ vardir.

Bu tezde, FICI i¢in, dinamik aralik sikigtirma ve yiikselte¢ blogu olarak kullanilmak
tizere cok kanalli akim modlu logaritmik yiikseltecler (LA) sunulmustur. MOSFET in
esik alt1 bolgesinde caligsmasi, paralel yiikseltme paralel toplama (PAPS) yontemiyle
birlestirilir, bdylece nano-mikro amper araligindaki sinyaller i¢in genis giris dinamik
aralik kapsami ve ultra diisiik gii¢c dagilimi ile dogru ve iiretimle degismez logaritmik
davranig elde edilebilir. Parazitikleri iceren simiilasyonlar, PAPS devresinin basarili
bir sekilde 20nA-2 A giris akimlari i¢in 40dB giris dinamik araligin1 11.5dB ¢ikis
dinamik aralifina 2.5 W giic tiikketimiyle basariyla sikistirdigini gostermektedir.
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Kanal se¢ici akim modlu logaritmik yiikseltec, giinliik akustik bandi kapsamay1 amag-
lamaktadir; bu nedenle, girigler belli bir esigin altindayken, 6n-yiikseltme yapan kanal
se¢cme mekanizmasi uygulanir. Bu, alt devrelerin islevselligini gii¢ tiikketimindeki artig

en aza indirilirken garanti eder.

Parazitikleri iceren simiilasyon sonuglari, kanal sec¢ici LA’1n, SnA-2 A giris akimlari
icin, 52dB giris dinamik araligim1 13dB’ye 19.17 W gii¢ tiiketimiyle sikistirdigin

gostermektedir.

Hem PAPS hem de kanal se¢ici LA’lerin iki versiyonu vardir: harici beslemeli ve
kendinden beslemeli. Harici beslemeli versiyonlar farkli sensorlerle kullanilabilinir-

ken kendinden beslemeli versiyonlar harici kaynaga olan bagimlilig1 ortadan kaldirir.

Ayrica, sunulan logaritmik yiikseltecler, akim modlu FICI arayiiz devresiyle birlesti-

rilmig ve sistem uyumlulugu dogrulanmustir.

Anahtar Kelimeler: Logaritmik Yiikselte¢, Tamamen Implante Edilebilir Koklear Imp-
lantlar, Cok Diisiik Gii¢ Tiiketimi, Cok Diisiik Giiriiltii
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CHAPTER 1

INTRODUCTION

1.1 Motivation

World Health Organization (WHO) states that %5 of the world population which cor-
responds to 430 million people suffer from hearing loss that needs to be rehabilitated
while this amount is expected to increase to 700 million people, %10 of the overall
population, by 2050 [1]. Due to the increasing demand, different types of hearing
devices have been developed based on the amount and reason of hearing loss. One of
the most preferred and commercialized ones is Cochlear Implants (CI). They are the
most suitable treatment devices for people suffering from hearing loss based on ei-
ther non-existence or malfunctioning of the hair cells and having hearing loss greater
than 90dB [2]. Cls basically replicate hearing mechanisms by detecting environmen-
tal sounds, converting them into electrical signals, and stimulating auditory neurons
directly by bypassing diseased structures of the ear. However, Cls also suffer from a
few drawbacks such as causing aesthetic concerns, frequent battery replacement, and
mechanical vulnerability which are eliminated by the Fully Implantable Cochlear Im-
plants (FICI) [3].

Similar to Cls, FICls mainly consist of two parts: a transducer to detect environmen-
tal sound and convert it into an electrical signal and an interface circuit to process
electrical sensor output in a way that auditory neurons can be stimulated accurately.
One of the challenging parts of the FICI interface electronics is the front end circuit
design in which ultra low signal levels need to be processed with minimum power

dissipation and chip size.
Aim of this thesis is to present a process invariant multistage current mode logarithmic
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ampli er which is to be used as a dynamic range compression and ampli cation block
for the front end circuitry of FICIs. The presented logarithmic ampli er is designed

to sense electrical current output generated by a piezoelectric (PZT) transducer and
amplify it so that it can be processed by the remaining front end circuit blocks such

as a current sampler, a current recti er, and a peak detector.

Proposed design aims to overcome common problems of existing dynamic range
compression blocks of FICI interface circuits such as low input dynamic range, re-
duced sound perception, vulnerability to process, and mismatch related variations
while minimizing the power dissipation, noise and volume of the overall system.
Even though this thesis mainly focuses on the suitability of the proposed circuit for a
FICI application, it can be easily adapted to other applications that require ultra low

noise and power dissipation.

Section 1.2 explains the hearing mechanism along with different types of hearing
losses and treatment devices. In section 1.3 Cls and FICls are brie y described. Sec-
tion 1.4 focuses on FICI interface circuits, more speci cally, interface electronics
designed in the scope of FLAMENCO Project [4]. Section 1.5 reviews different log-
arithmic ampli er topologies in the literature. Finally, the objectives and organization

of the thesis are presented in sections 1.6 and 1.7 respectively.

1.2 Hearing and Hearing Losses

Ear is the organ responsible for detecting and processing environmental sound to per-
form hearing. It consists of the outer ear, middle ear, and inner ear as given in Figure
1.1. First environmental sound is detected by the pinna and transferred to the mid-
dle ear via the ear canal. The ear canal and middle ear are separated by tympanic
membrane which has the shape of a cone. The middle ear consists of ossicles named
malleus, incus, and stapes which are the smallest bones in the human body. Malleus
connects the tympanic membrane to the middle ear while stapes covers the oval win-
dow, which is an opening from the middle ear to the inner ear. Due to the vibration
of the tympanic membrane, malleus, incus, and stapes also vibrate and this vibra-

tion is transferred to the inner ear via an oval window. The inner ear consists of the



cochlear which is responsible for hearing; vestibules, and semicircular canals which
are responsible for body balance. A snail shaped cochlear has three uid containing
compartments (scala vestibuli, scala tympani, and scala media). Due to the vibration
in the middle ear, uid in the cochlear also vibrates. This also causes vibration in
the basilar membrane which separates scala tympani from scala media and performs
frequency ltering for the incoming sound. Hair cells within the organ of corti lo-
cated on the basilar membrane convert mechanical vibration into electrical signals.
In this way, auditory neurons are stimulated and an electrical signal is transferred to
the brain [5], [6].

Figure 1.1: Anatomy of the Ear [7]

Any signi cant problem in the correct functionality of the auditory system can cause
hearing loss. Based on the loss reason, hearing losses can be categorized into four
main groups: conduction losses, sensorineural losses, central hearing losses, and
mixed-type losses. Conduction losses are related to degradation in sound amplitude
during transmission into the middle ear. Sensorineural losses are generally caused
due to either damage in hair cells or their nonexistence. If the patient suffers from
both sensorineural and conduction losses in the same ear at the same time, then this
type of loss is categorized as mixed hearing loss. In the case of central hearing loss,
damage in the central nervous system is the cause of hearing disability [8]. Similarly,

based on the amount of the loss, losses are categorized as mid (26dB-40dB), moderate
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(41dB-70dB), severe (71dB-90dB), and profound losses (>90dB) [9], [10].

Based on the reason or amount of the loss, treatment devices also vary. For instance, if
the patient suffers from mid-severe hearing loss, hearing aids which amplify incoming
sound to compensate conduction losses, are generally suf cient. Assuming that there
is a problem in the vibration of the middle ear, middle ear implants are required for
the treatment of hearing loss. If the level of loss is severe to profound loss, and the
reason is missing hair cells, then cochlear implants are required for treatment since

auditory neurons need to be directly stimulated [2].

1.3 Evolution of Fully Implantable Cochlear Implants

1.3.1 Cochlear Implants

Cochlear implants (CI) are hearing devices suitable for patients having sensorineural
hearing loss with a degree of severe to profound. In order to replicate the natural
hearing mechanism, Cls directly stimulate auditory neurons with electrical pulses by
bypassing other parts of the ear. In Figure 1.2, a typical cochlear implant is presented,
including both external and internal units. External units include a microphone (2),
a speech processor (2), a transmitter (3), a battery (2), and a power ampli er while

internal units consist of a receiver (4), a stimulator (5), and an electrode array (7).

In Figure 1.3, the functional block diagram of ClI is provided. First, environmental
sound is detected by a microphone and converted into an electrical signal. The mi-
crophone output is processed by a speech processor block based on the implemented
sound processing strategy and converted into an encoded RF signal. The RF signal is
transmitted to internal units, located under the skin via RF link. The transmitted RF
signal is then decoded at the stimulator block and stimulation currents are generated.
Finally, stimulation current is applied to the auditory neurons and transferred to the

brain where they are interpreted as sound.

Even though cochlear implants successfully replicate natural hearing mechanisms
by direct stimulation of auditory neurons, they suffer from high power consumption

which reduces the battery lifetime of the system signi cantly. In addition, due to the
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Figure 1.2: Cochlear Implants [11]

Figure 1.3: Cochlear Implants: Overall system block diagram [11]

existence of external units, they create damage risk and aesthetic concerns for users.
This is why, fully implantable cochlear implants are preferred which overcome the

mentioned drawbacks.



1.3.2 Fully Implantable Cochlear Implants

Fully implantable cochlear implants (FICI), as the name implies, are speci ¢ types of

Cls in which all components are implanted in patients. In this way, aesthetic concerns
of patients are eliminated. In addition, RF-based transmission between the skin's
internal and external surfaces is no longer required resulting in a signi cant reduction

in power dissipation and an increase in battery lifetime.

FICIs generally consist of an implantable microphone which detects environmental
sound and converts it into an electrical signal, an implantable battery along with a
battery management unit which supplies necessary power to the system, and an inter-
face circuit which processes microphone output and generates a stimulation current
that stimulates auditory neurons with an electrode array similar to the Cls. In FICI
application, the size and power dissipation of each component is signi cant since all
components need to be implantable and do not require frequent charging or battery

replacement.

1.4 Interface Circuitry for Fully Implantable Cochlear Implants

In the scope of FLAMENCO project, Ulusan et.al. proposed a fully implantable
cochlear implant interface circuit given in [12] that is suitable with the piezoelectric
sensor designed by Yuksel et.al. in [13]. The interface circuit given in Figure 1.4
mainly consists of two units: a front end circuit and a stimulator. The front end
circuit includes a logarithmic ampli er, recti er, and sample/hold circuits, while a

stimulator block contains a stimulation current generator and switch matrix.

One of the challenging parts of FICI interface circuit design is the front end circuit
which directly processes sensor output. Due to the size limitation of the middle ear,
the piezoelectric sensor needs to be small meaning that the produced output signal
also has a limited amplitude. So, piezoelectric sensor output needs to be ampli ed at
the rst stage with ultra low noise and ultra low power dissipation at the same time.
By this way, the signal can have suf cient amplitude and be further processed by other

blocks of the FICI interface circuit. In addition, healthy cochlear performs dynamic
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Figure 1.4: Fully Implantable Cochlear Implant Interface Circuit [14]

range compression which also needs to be replicated by the front end circuit. In the
circuit given in Figure 1.4, these two functionalities are performed by a single block,
a logarithmic ampli er, in order to reduce power dissipation of the front end circuit

compared to other alternatives.

Once sensor output is compressed and ampli ed by the logarithmic ampli er, itis rec-

ti ed and sampled so that a reference current can be generated for the stimulation cur-
rent generator block. Finally, the stimulation current is converted into biphasic current
via a switch matrix block and transferred to an electrode array for neural stimulation.
Most of the blocks are designed in the current mode domain for power dissipation
reduction. Current mode front end circuits, except for logarithmic ampli er, given in
Figure 1.4 are later modi ed by Anil Aydin in the scope of his unpublished thesis for
further performance improvement, however, the same type of functional sub blocks

are still preserved.

Even though the logarithmic ampli er given in Figure 1.4 is promising in terms of
covering daily acoustic band with ultra low power dissipation, there is still a room
for improvement since the circuit suffers from reduced sound perception and vulner-
ability to process and mismatch related variations. This is why, this thesis focuses
on designing an alternative ampli cation and dynamic range compression blocks for

the existing current mode FICI interface electronics of FLAMENCO Project [4]. In
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this scope, the logarithmic ampli cation approach is again chosen since it has a su-
perior performance in terms of wider dynamic range, reduced complexity, and power
dissipation.

1.5 Logarithmic Ampli ers (LA)

Logarithmic ampli ers are one of the common circuits widely used as a dynamic
range compression block in various elds such as radar, ber optic receivers, and
biomedical applications [15].

Figure 1.5: Logarithmic ampli er based on a MOSFET operating in subthreshold
region [16]

There are many alternative approaches studied in the literature to replicate the loga-
rithmic behavior accurately. The simplest way to do that is to use the logarithmic be-
havior of single-stage devices such as BJTs, MOSFETSs, LEDs and photodiodes [17].
Absi et.al. suggest utilizing logarithmic behavior between gate to source voltage and
drain current of MOSFET operating in the subthreshold region with the circuit given

in Figure 1.5 [16]. In this circuit, input currents andl, are converted into a log-
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arithmic output currenky,; which is in proportion to the applied bias currépt To

be able to do thatyl;, M,, M5 andMg transistors are kept in the subthreshold region
while the same bias current is applied to transisibysandM 5. By this way, currents

I, andlg which will generatd ,; are derived in terms df, bias current an&¥, and

Vg voltages. Even though logarithmic behavior is accurate in single-stage devices
like MOSFET, this work suffers from a limited input dynamic range, 26dB, due to

current and voltage limitations of the single device.

Figure 1.6: Series linear limit based logarithmic ampli er [18]

To improve the dynamic range of the logarithmic ampli er, Derafshi et.al. suggest the
circuit given in Figure 1.6 which is based on the series linear limit approach. Each
ampli er in Figure 1.6 is identical and has a high gain while connected with a unity
gain buffer in parallel. For lower input signals, all the stages linearly amplify the
input. As the input amplitude increases, stages saturate starting from the last stage
and produce a constant voltage. In the meantime, the input signal is transferred to
the output with the help of buffers having unity gain. On the other hand, unity gain
buffers need to be designed with high precision for the accuracy of the piecewise
approximated logarithmic curve [17]. This increases system complexity, chip area

and power dissipation signi cantly [19], [20].

Another common method to be used for improving the dynamic range of the logarith-
mic ampli er is the parallel ampli cation. This can be achieved in two ways based on
the compression technique. In the research of Sundarasaradula et.al. given in Figure
1.7, the series ampli cation parallel summation (SAPS) method is utilized. In this
work, 6 identical ampli ers are also connected in a cascaded manner and the output
of each stage is summed to generate the logarithmic ampli er output. For lower in-
put signals, each stage performs linear ampli cation based on the gain. However, as

the input signal amplitude increases, each stage starts to saturate starting from the last
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stage, similar to the series linear limit method. Different than the series linear method,
output of the each stage is summed to generate the overall output cligignt,in
progressive compression parallel summation technique to have a logarithmic behavior
between input and output. The number of stages in this approach is generally chosen
based on the trade-off between power dissipation and performance improvement such
as higher dynamic range and accuracy. Even though progressive compression parallel
summation based logarithmic ampli ers ideally provide suf ciently accurate logarith-
mic compression, they might suffer from performance degradation due to mismatch
or process related nonlinearities signi cantly. More speci cally, the mismatch at in-
put transistor pairs could cause an input offset which is also ampli ed at each stage
along with the input signal hence causing later stages to saturate earlier. In order to
prevent that, a low pass Iter with a small cut off frequency such as the one given in
Figure 1.7 is needed. However, implementation of such a lter generally requires an

off chip capacitor hence making it not suitable for implant applications [21].

Figure 1.7: Progressive compression parallel summation logarithmic ampli er circuit

with DC offset compensation feedback loop [22]

To eliminate the DC offset problem observed in logarithmic ampli ers that use the
progressive ampli cation parallel summation method, Zareie et.al. suggest a loga-
rithmic ampli er design in Figure 1.8 which is based on parallel ampli cation paral-
lel summation (PAPS) technique. In this approach, input voltage is provided to the
input transistor pairs of the ampli ers with different gains simultaneously. So, differ-

ent portions of the targeted input dynamic range are ampli ed by different ampli ers
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having gains of 0dB, 9dB, 39dB, and 59dB. Then, the output current of each stage is
summed and converted into voltages with the help of resistors. Similar to the progres-
sive ampli cation parallel summation based logarithmic ampli ers, once input signal
amplitude increases, ampli ers start to saturate one by one starting with the highest
gain stage. In this way, logarithmic behavior can be replicated by piecewise approx-
imation. The main challenge in this approach is the design of the highest gain stage.
To cover a wider dynamic range, ampli er gain needs to be maximized while having
suf ciently high bandwidth. In addition, for biomedical applications, power dissipa-
tion and noise should be minimized. This is why, generally, logarithmic ampli ers
designed with this approach suffer from reduced input dynamic range compared with
the ones that utilize a progressive ampli cation parallel summation method. Even
though the input dynamic range of the proposed circuit is 80dB which is suf cient for
cochlear implant applications, it suffers from a wider output dynamic range, 28.94dB,

and high input referred noise, 4.%, hence it is not suitable for this application.

Figure 1.8: Logarithmic ampli er based on parallel ampli cation parallel summation

technique [19]
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1.6 Objectives of the Thesis

The main objective of this thesis is to propose a current mode logarithmic ampli er
design that can be used as a dynamic range compression and ampli cation block for
ultra-low noise and ultra-low power applications such as FICIs. More speci cally, the
proposed logarithmic ampli er is aimed to be used for FICI system of FLAMENCO
Project in [4] along with the PZT sensor designed by Yuksel et.al. in [13], [23],
power management unit designed by Koc et.al. in [24], [25] and current mode FICI
front end circuit designed by Anil Aydin. System requirements for the logarithmic

ampli er are as follows:

1. One of the most signi cant requirements of FICIs is the lifetime of the overall
system since either a frequent replacement or re-charging of the battery will
cause discomfort in the patient's daily life. On the other hand, due to limited
volume in the human ear, implantable batteries with low volume need to be used
which also suffer from limited charge capacity. So, in order to improve the life-
time of the implant, power dissipation of the overall FICI interface electronics
should be minimized. So it must also be ensured that the proposed logarithmic

ampli er has ultra-low power dissipation.

2. Limited volume requirements of the PZT sensor to be used in FICI application
leads to low sensor output levels. This is why, in order to process incoming

signals accurately, the logarithmic ampli er's noise should be minimized.

3. Logarithmic ampli er must provide good sound perception, while it should
have at least 50dB input dynamic range to be able to cover daily acoustic band
[26]. FLAMENCO Project's PZT sensor has a dynamic range of 60dB and
is capable of producing a maximum of 2 and a minimum of 2nA sinu-
soidal output current at speci ¢ resonance frequencies. So logarithmic am-
pli er should be able to process at a minimum of 6nA and a maximum & 2

input current to satisfy the dynamic range requirement of the FICI.

4. Range for electrical stimulation of diseased cochlear is lower than 15dB [27].
This is why, the logarithmic ampli er's output dynamic range should also be
below 15 dB.
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5. Logarithmic ampli er is designed to be used for FICI application. So size of the
FICI components including but not limited to the logarithmic ampli er circuit
should be small enough to t into the middle ear of the human. This is why, a
small die area and on-chip implementation capability for logarithmic ampli er

iS necessary.

1.7 Organization of the Thesis

The organization of the rest of the thesis is as follows:

Chapter 2 explains the proposed logarithmic ampli cation method, which is the us-
age of logarithmic behavior of MOSFET in the subthreshold region combined with
parallel ampli cation parallel summation (PAPS) approach. Subsequently, an overall
system description of PAPS current mode logarithmic ampli er is given along with
the explanation of each sub-circuit. The main focus in PAPS current mode logarithmic
ampli er is to prove the suitability of the proposed logarithmic ampli cation method

to FICI application that requires ultra low power and noise performance. So input
dynamic range requirement is not prioritized, and kept limited. PAPS current mode
logarithmic ampli er uses 1.8V power supply and it is designed using TSMC 180nm
technology. Performance of the circuit is validated by applying inputs within audible
frequency range and daily acoustic band then simulating it for different process cor-
ners and mismatch cases. Power dissipation, circuit accuracy, effect of noise are also
studied along with the transient response of the proposed system after parasitic ex-
traction of the layout. Results showed that PAPS current mode logarithmic ampli er
is promising in terms of suitability for FICI application with further improvements in

input dynamic range.

In Chapter 3, channel selective logarithmic ampli er is explained including both

investigation of the overall circuit and each sub circuits. Similar to the PAPS loga-
rithmic ampli er, channel selective logarithmic ampli er also senses incoming signal
from the PZT sensor and then performs logarithmic ampli cation based on MOS-
FET's subthreshold operation and parallel ampli cation parallel summation tech-

niques. In order to improve the input dynamic range of the channel selective logarith-
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mic ampli er while optimizing the power dissipation at the same time, only inputs
lower than a certain threshold are pre-ampli ed before it is logarithmically ampli ed.
Channel selective logarithmic ampli er is designed with TSMC 180nm technology
and uses a 1.8V power supply which makes it compatible with the remaining FICI
electronics designed for FLAMENCO Project. The performance of the proposed cir-
cuit and its subblocks are also simulated for incoming signals that cover the audible
frequency range as well as the dynamic range of the daily acoustic band. In addi-
tion, circuit accuracy, power dissipation, effect of noise, the effect of variation due to
mismatch, and process corners are further investigated by including layout parasitics.
Results showed that channel selective logarithmic ampli er is suitable as a dynamic

range compression and ampli cation block of FICI interface electronics.

In Chapter 4, proposed logarithmic ampli ers are combined with a single channel
current mode FICI interface circuit and simulated together in order to verify compat-
ibility of overall FICI interface electronics. First, PZT sensor output is processed by
proposed logarithmic ampli ers. The logarithmically ampli ed signal is further pro-
cessed by the remaining front end circuitry. Next, biphasic stimulation current is gen-
erated by the stimulation current generator block in proportion to the amplitude of the
logarithmic ampli er output. Generated biphasic pulses are applied to the cochlear
electrodes with the help of a switch matrix and control block which adjusts the timing
of the stimulation based on CIS strategy. For each logarithmic ampli er, the overall
system is simulated with a set of inputs covering audible frequency range and daily
acoustic band while the effect of process corners and mismatch are included. Simu-
lation results show that the proposed logarithmic ampli ers are compatible with the
remaining FICI interface electronics and hence can be safely adapted to the existing
FLAMENCO Project's FICI.

In Chapter 5, the conclusion and future work are presented which overviews achieve-
ments with this research as well as further possible improvements that can be stud-
ied.
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CHAPTER 2

PAPS CURRENT MODE LOGARITHMIC AMPLIFIER

2.1 Introduction

In this chapter, the design of PAPS current mode logarithmic ampli er is explained.

Section 2.2 presents the mathematical derivation of the logarithmic ampli cation ap-
proach being used. In section 2.3 overall system description is given along with the
explanation of each sub-circuit. Finally, in section 2.4, simulation results of each

sub-block and overall system are given after parasitic extraction of the layout view.

2.2 Proposed Method

In this research, current mode logarithmic behavior is achieved using the exponen-
tial behavior between gate voltage and drain current of a MOSFET operating in the

subthreshold region which is given in equation 2.1.

Ves | VtHi

|D = IDOe VT (21)

wherel p is the drain currentyss is gate to source voltag¥s is threshold voltage
of MOSFET,Vt is the thermal voltage, is the slope factor in weak inversion region

andl p is the leakage current expressed in equation 2.2.

w
Ipo=2 1Cox VTZT (2.2)

whereCpx is the oxide capacitance.
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It is clear that there is a logarithmic relationship betw&gg andlp once theVgs

voltage of the MOSFET is derived as in equation 2.3.

|
Ves = VT'”(&) Vry (2.3)

In order to eliminate the effect & on the logarithmic behavior, differential ampli-
er topology is implemented. In this way, the voltage difference of the input transistor

pair can be represented as in the equation 2.4.

I
Vin  Vx = Vgs, Ves, = V1 |n(%) (2.4)

wherel,y andlx represent the input current of the logarithmic ampli er and DC
reference current respectivel,y andVy are current to voltage converted versions
of I,y andly with the help of diode connected transistor. Additionally, the output
current of the differential ampli er is given in equation 2.5

lout = Om(Min = W) (2.5)

wheregm represents the transconductance of the transistor. For MOSFET operating

in the subthreshold regiogm can be expressed with the equation 2.6.

_ IBIAS
AV (2.6)

wherel g|as is the DC bias current of the ampli er.

Finally, insertinggm in equation 2.6 and voltage difference in equation 2.4 into the
equation 2.5, results in equation 2.7 which indicates the logarithmic relation between

input and output currents.

I I
lout = BIAS |n(£) (2.7)
2 I«

As seen from equation 2.7, bias currdiias only affects the slope of the logarith-

mically scaled input and output current curve by changing the amplitude of the output
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current,l oyt. Onthe other hand, input current levels that can be covered with a single
channel, are adjusted by the reference currdgits,Lower reference currents cover

the lower sensor output current values while higher reference currents cover higher
sensor output current levels. However, single MOSFET operating in subthreshold
region suffers from limited input dynamic range when utilized as a logarithmic am-
pli er. Hence it is not suf cient in terms of covering the daily acoustic band. In order

to cover a wider dynamic range, different channels with different reference currents
are implemented. Each channel is responsible for covering a speci ¢ portion of the
desired input dynamic range and the output current of each stage is summed at the
output. In this way, piecewise approximated logarithmic behavior is achieved using a

parallel ampli cation parallel summation method.

2.3 Circuit Diagram and Subblocks

2.3.1 Overall System Description

Input current of the logarithmic ampli er which is generated by FLAMENCO Project's
piezoelectric sensor is ideally a pure sinusoidal AC signal without any DC compo-
nent. On the other hand, most of the sub-blocks on both the logarithmic ampli er
and the rest of the FICI front end circuit are only capable of processing unidirec-
tional current signals. In addition, sensor output current needs to be duplicated for
each OTA block. This necessitates implementation of a current recti er with multiple
outputs at the logarithmic ampli er's front end which will perform both duplication
and recti cation at the same time. By this way, proper functionality of the system
is ensured with minimum power dissipation. Once the bidirectional sensor output
current is converted into a fully recti ed signal, it is logarithmically ampli ed inside
the OTA block using the approach explained in section 2.2. In this approach, OTA
block is mainly used for compression with the help of two diode connected transistor
and functions as a voltage to current converter rather than a transconductance ampli-
er. Then current outputs of each channel is summed at the output via the current
mirror block to obtain both overall piecewise approximated logarithmic current and

output voltage for testing purposes. Both PAPS and channel selective current mode
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logarithmic ampli ers have two alternatives: externally biased and self biased ampli-
ers. In externally biased versions, the bias current is provided via an external DC
current source while self biased version uses a current reference circuit to generate
the bias current. Once bias current is generated, it is multiplied and copied into dif-
ferent branches to supply different subsystems. All versions of logarithmic ampli ers
are supplied with 1.8V power supply which is also suitable for the remaining FICI
front end circuit blocks designed by Anil Aydin and the power management unit pre-
viously designed by Koc et.al in [24]. The overall block diagram of the proposed

PAPS current mode logarithmic ampli er is given in Figure 2.1.

Figure 2.1: Block diagram of PAPS current mode logarithmic ampli er

In the PAPS current mode logarithmic ampli er, the primary aim is to prove that

accurate logarithmic behavior can be achieved in current mode by using the pro-
posed approach in section 2.2. This is why, covering the entire daily acoustic band is
not prioritised and four channels are implemented considering the power dissipation

trade-off.
Layout views of externally biased and self-biased PAPS logarithmic ampli ers are
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Figure 2.2: Layout of externally biased PAPS current mode logarithmic ampli er

Figure 2.3: Layout of self biased PAPS current mode logarithmic ampli er

given in Figure 2.2 and Figure 2.3 respectively. Externally biased version occupies

370 m x 216 m area while self biased version occupies 623« 216 m.

2.3.2 Bias Distribution Block

In order to provide DC bias current for relevant sub-blocks of the logarithmic am-
pli er using only a single current source, a bias distribution block is designed. The

cascaded current mirror topology given in Figure 2.4 is implemented so that the mis-
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match effect in the current mirror can be reduced due to increased output resistance.
In this way, more accurate results are obtained even for nano-ampere range currents.
The bias distribution block consists of multiple branches and each branch has a dif-
ferent transistor sizing ratio so that different bias current requirements of each block

can be satis ed.

Figure 2.4: Bias distribution block: Simpli ed version

In addition to bias currents, reference currents for logarithmic ampli cation are also
generated within this block. Based on the minimum and maximum targeted input
current levels, values df 1 andl x 4 DC currents are determined as 20nA and 140nA
respectively. Both reference curreht,s, and input current,y 4, are scaled with 0.1

to reduce the power dissipation and chip size of the circuit. Reference currents for the
remaining stages are chosen by considering the fact that error should be minimized.
As a result, the input dynamic range of each stage does not necessarily need to be
equal as long as the overall system covers the targeted input dynamic range. Addi-
tionally, to eliminate imbalance at the OTA input pair, hence offset at the output, a
DC current equal to the corresponding current value of that stage is also added to

the input current before it's processed by OTA blocks.
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2.3.3 Current Recti er

Current recti ers inside the logarithmic ampli er, given in Figure 2.5, are used for
rectifying sinusoidal signal with zero offset coming from the PZT sensor so that other

current mode circuit blocks can properly operate.

The current recti er has 4 outputs each utilized for a speci ¢ OTA stage. In order to
reduce the power dissipation of the overall system, one of the outputs is scaled down

to provide %10 of the actual current.

Figure 2.5: Current recti er

The operation principle of the current recti er is as follows: During the positive cycle
of the input current, diode connected PM®I$ ; is ON andMy ; is OFF. So current
ows in the same direction with the red arrow in Figure 2.5 and is mirrored via NMOS
current mirrors. Similarly, during the negative cycle, diode connected NWQ$

is ON andMp is OFF, current ows in the direction of the blue arrow in Figure

2.5. The negative part of the signal is then copied via PMOS current mirrors which
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recti es the negative cycle into a positive one at the output. Finally, currents coming

from these two paths are summed at the output in order to obtain a full wave signal.

Different than the previous versions of FICI interface circuits designed for FLA-
MENCO Project, current recti cation is already done inside a logarithmic ampli er
So recti cation block can be discarded from the remaining part of the FICI interface

circuit.

2.3.4 Operational Transconductance Ampli er (OTA)

Operational Transconductance Ampli er (OTA) given in Figure 2.6 is mainly respon-
sible for obtaining a logarithmic relationship between input and output currents based

on the method explained in chapter 2.2.

In order to achieve that, rstly input currehty and bias currenty are converted into
voltagesV,y andVy with the help of diode connected NMOS transistbtg, and

Mn 2. Then OTA core generates an output current based on the equation given in 2.5.
SinceMy ; andM y ; transistors are operating in the subthreshold region, ratio of input
currentsly andly, and voltage difference betwe&f, andVy show logarithmic
behavior such as in equation 2.4. This results in logarithmic behavior between input
currentl,y and output currentoyt given in equation 2.7. Since OTA is mainly
utilized as a compression and V to | convertion block, neither voltage or current gain
of the OTA is a signi cant design parameter. Hence, a simple low-gain OTA topology
combined with cascaded mirrors is chosen. In this way, chip size, power dissipation,
and complexity are reduced while the cutoff frequency is kept higher than 20kHz,
which corresponds to the maximum frequency that the human ear can hear. In order
to ensure stability, all of the OTAs are designed to have a voltage gain less than unity
and implemented in an open loop con guration. Finally, in addition to the input
transistor pair, the remaining transistors inside this block are kept in the subthreshold

region reducing the power dissipation further.
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Figure 2.6: Operational Transconductance Ampli er

2.3.5 Current Reference Circuit

In the self biased versions of both PAPS and channel selective current mode logarith-
mic ampli ers, 40nA DC current, which is the input of the bias distribution block,
is generated via an internal current reference circuit. For this purpose, self biased

Widlar current source given in Figure 2.7 is implemented.

This topology uses beta multiplication in the subthreshold region which is a common
way to achieve precise reference current in the nanoampere range [28]. In the pro-
posed design, transistoky -My 4 andMp3-Mpg given in Figure 2.7 are kept in
subthreshold region and (W/L) ratios Mify 3 andM 4 is 2. Additionally, instead of
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Figure 2.7: Current reference circuit

using noisy and large resistors, NMOS transistor operating in linear relgigs, is
preferred. The gate voltage of this transistor is controlled with two cascaded diode

connected MOSFETSs operating in the saturation redgs andM y 7.

As explained in section 2.2, the drain current of the transistor operating in the sub-
threshold region is expressed with equation 2.1. TransiMers- Mpg has the same
size, meaning that drain currentsidfy ;s andMy 4 are equal. So voltage difference

betweerVgs, , andVgs,, , is calculated as in equation 2.8.

VGSN3 VGSN4 = VT |n(n) (28)

wheren represents the (W/L) ratios ™ \ 4 andM 3 transistors, which is equal to 2
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in this design.

Based on this voltage difference, the generated current output is given in equation 2.9.

V1 In(n)

Res (2.9)

lout =

whereRy s represents the resistance value Nby s operating in linear region which

is given in equation 2.10.

1
Rys = 2.10
N Rus(Vesy, + Vesys V) ( )

One drawback of this topology is, zero output current is also possible if the initial
current in the circuit is zero. This means that circuit might never start to operate. To
be able to solve this problem, the basic start-up circuit, highlighted in red in Figure
2.7 is also included in the current reference circuit architecture similar to the reference

circuit proposed by Dai et.al. in [29].

The operation principle of the start-up circuit is as follows: Initially, there is no volt-
age drop on the capacitor of the start-up circuit. Nbp, transistor is in the linear
region and there is a voltage drop between its source and drain. This voltage drop
also provides suf cient voltage to the gate and drainvbf, transistor so that it is

also in the linear region and the current reference circuit starts to operate. In the
meantime, the drain current Mp; keeps charging the capacitor. Once the capac-
itor voltage is suf cient enough to turn off thielp, transistor, the startup circuit is

disconnected from the current reference circuit for accurate functionality.

Since this logarithmic ampli er is designed to be used in an implantable biomedical

system, it is expected that the temperature variation would be limited to the temper-
ature variation of the human body. So CTAT current reference topology is suf cient

for this application considering the drawbacks of topologies with zero temperature
coef cient approach such as increased power dissipation and system complexity. Ad-
ditionally, built in cascaded current mirrors are also implemented so that reference
current can be generated and scaled in two branches that will supply two bias distri-

bution blocks while the mismatch effect between two branches is minimized.
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2.4 PEX Simulation Results

In this section, simulation results for PAPS current mode logarithmic ampli ers are
presented along with the results of individual subcircuits. All presented results in-
clude parasitic effects of layouts given in Figure 2.2 and Figure 2.3. In between
sections 2.4.1 and 2.4.4, results of bias distribution block, current recti er, OTA and
current reference circuits are provided. Similarly, overall system characterization can
be found in sections 2.4.5 and 2.4.6 for externally biased and self biased versions

respectively.

2.4.1 Bias Distribution Block

Bias currents generated by the bias distribution block are simulated for different pro-
cess corner cases to see the effect of mismatch on the output. The minimum bias
current (20nA) generated in this block varies between 20.13nA - 20.30nA while the
maximum bias output current (400nA) changes between 404.16nA - 404.54nA across
process corners when the external bias current is 40nA. These variations in the cur-
rent outputs of the distribution block are tolerable and it does not affect the accuracy
of the overall system's logarithmic behavior signi cantly.

2.4.2 Current Recti er

The performance of the current recti er is validated by observing the output current

of the recti er in different cases including variations in process corners, input signal’s

amplitude, and frequency. In Fig 2.8, the transient response of the recti er for inputs
of 50nA, 100nA, 400nA, and 2A is given for the typical corner. Moreover, in Figure

2.9 effect of process corners on the output current's peak value is given for an input

signal having an amplitude of 70nA and frequency of 1kHz.

Simulation results show that proposed topology is capable of full wave rectifying
incoming signal within the amplitude and frequency range of interest while showing

tolerable variation across process corners.
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Figure 2.8: Current Recti er: Transient Response for 1kHz signal

Figure 2.9: Current Recti er: Transient Response Corner Analysis

243 OTA

Accurate functionality of the OTA block is veri ed by both transient and AC simula-

tions. In Figure 2.10, the transient response of the OTA is given for 1kHz input signals
having amplitudes of 50nA, 150nA, and 500nA. This response indicates that the gain
of the OTA varies in a logarithmic fashion based on input level and bias current as

expected.
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Figure 2.10: Operational Transconductance Ampli er: Transient Response

Moreover, OTAs AC analysis shows that OTA is always stable since its voltage gain

is always less than 1 and the cutoff frequency of OTA is 36.8kHz.

2.4.4 Current Reference Circuit

The functionality of the current reference circuit is veri ed by observing its character-
istics at 37°C, which is the body temperature of a healthy human. Firstly, the transient
behavior of the reference circuit is simulated for different process corner cases and

result is given in Figure 2.11.

At the typical corner case, DC current outputs of the reference circuit are 40.7nA
from both channels. The amplitude of the reference current varies approximately
3nA depending on the corner case. However, this variation is tolerated by proposed
logarithmic ampli ers hence it is not signi cant.

In addition, the effect of the power supply and temperature variation are observed to
ensure that the circuit will not suffer from performance degradation in the case of
variations in the external conditions. As given in Figure 2.12 reference circuit pro-
vides constant reference current if power supply voltage value is in between 1.3V and
2V. When the power supply voltage is lower than 1.3V, there is no suf cient voltage to

turn MOSFETSs on. Similarly, when the power supply voltage value increases beyond
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Figure 2.11: Current Reference Circuit: Transient Response Corner Analysis

2V, the breakdown voltage of MOSFET is exceeded and transistors are not functional

anymore.

Figure 2.12: Current Reference Circuit: Effect of Power Supply Variation

Effect of temperature variation on the current output is given in Figure 2.13 for a

temperature range of 32°C and 42°C by considering the temperature variation of a
healthy human body. It has been observed that variation in the output current is
tolerable within the temperature range of interest and does not affect the functionality

of the overall system.
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Figure 2.13: Current Reference Circuit: Effect of Temperature Variation

Finally, Monte Carlo simulations are performed to see the effect of statistical varia-
tions on the output current by using 100 samples and simulation results are given in
Figure 2.14. The mean value is 40.51nA while the standard deviation is 962.4pA.
Variations in reference current are also acceptable since overall system functionality

is not affected as explained in detail in sections 2.4.5, 2.4.6 3.3.5 and 3.3.6.

Figure 2.14: Current Reference Circuit: Monte Carlo Simulation Results
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2.4.5 Externally Biased PAPS Logarithmic Ampli er

In this section, simulation results for externally biased PAPS logarithmic ampli er

are presented.

Firstly, the transient behavior of the overall system is simulated for different input
signals having different frequencies and amplitudes. In Figure 2.15 and Figure 2.16,
transient behavior of the system is given for 650Hz and 5kHz input signals respec-
tively for typical corner case. In each case, 20nA, 200nA, 800nA, and 2pA input

currents are applied to the circuit which are roughly processed by different channels.

Figure 2.15: Externally Biased PAPS LA: Transient response at 650Hz

Additionally, the input signal is swept from 20nA to 2 and a comparison between

the ideal logarithmic curve and actual input output logarithmic curves for both 650Hz
and 5kHz input signals are given in Figure 2.17 and Figure 2.18 respectively for each
process corner. As given in Figure 2.17 and Figure 2.18 output of the logarithmic
ampli er is 38nA for 20nA input while itis 142.6nA for 2A input for nominal corner
case. This means that the gain of the logarithmic ampli er is varying and 40dB input

dynamic range is successfully compressed to 11.5dB at the output.

y = alogx+ b (2.11)
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Figure 2.16: Externally Biased PAPS LA: Transient response at S5kHz

Figure 2.17: Externally Biased PAPS LA: Input Output Relation at 650Hz for each

process corner

Moreover, the logarithmic behavior of the circuit is compared with ideal logarithmic
curve for each process corner, and error is calculated in dB scale. In order to generate
the ideal logarithmic curve, the data acquisition model represented in equation 2.11 is
used. Then coef cients a and b are found which provides minimum mean square error
and best tting curve. Finally, for the same current output, difference between input
currents of ideal response and actual responses are calculated similar to the method

given in [30].
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Figure 2.18: Externally Biased PAPS LA: Input Output Relation at 5kHz for each

process corner

Figure 2.19: Externally Biased PAPS LA: Logarithmic error at 650Hz for each pro-

Cess corner

Figure 2.19 and Figure 2.20 represent an error in dB scale with respect to input current
in the range of 20nA - 2A for 650Hz and 5kHz signals respectively. As seen from
Figure 2.19 and Figure 2.20, the error is always in the range of -1.56dB to 1.67dB in

all process corners.
In order to ensure that lower sensor outputs, which correspond to lower SPL of en-
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Figure 2.20: Externally Biased PAPS LA: Logarithmic error at 5kHz for each process

corner

vironmental sound, can be processed accurately with the proposed solution, input
referred noise of the system is simulated, and the frequency response of the input
referred noise is given in Figure 2.21. The total input referred noise is 1.67nA for a
frequency range of 100Hz-10kHz.

Figure 2.21: Externally Biased PAPS LA: Frequency Response of Input Referred
Noise

Finally, to be able to observe the effect of mismatch on the output current, the pro-
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Figure 2.22: Externally biased PAPS LA: Monte Carlo Simulations for Current Out-
put

posed circuit is investigated with Monte Carlo simulations. Variation in the peak
value of output current for 100nA input current is given in Figure 2.22. The mean
value of the peak output current is 77.4nA and standard deviation is 134 pA.

2.4.6 Self Biased PAPS Logarithmic Ampli er

Figure 2.23: Self Biased PAPS LA: Transient response at 650Hz

This section presents simulation results for self biased PAPS logarithmic ampli er.

Similar to the externally biased design case, transient behavior of the self biased sys-
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Figure 2.24: Self Biased PAPS LA: Transient response at 5kHz

tem is veri ed by simulating it for input signals that have various amplitudes and
frequencies. Figure 2.23 and Figure 2.24, show the transient behavior of the self bi-
ased circuit for 20nA, 200nA, 800nA and & input currents having the frequency of
650Hz and 5kHz respectively.

Figure 2.25: Self Biased PAPS LA: Input Output Relation at 650Hz for each corner

Input current value is also swept from 20nA toRto see the response of the system
for a targeted input amplitude range. Input output relations for each process corner
along with the ideal logarithmic curve are given in Figure 2.25 and Figure 2.26 for

1kHz and 5kHz inputs respectively. As seen from Figure 2.25 and Figure 2.26, for the
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Figure 2.26: Self Biased PAPS LA: Input Output Relation at 5kHz for each corner

minimum targeted input level of 20nA, the amplitude of the output signal is 39nA for
a typical corner. Similarly, for the targeted maximum input level oA2the output
becomes 149nA. This shows that there is no xed gain, the signal is logarithmically
ampli ed and 40dB input dynamic range is successfully compressed to 11.66dB at

the output.

Figure 2.27: Self biased PAPS LA: Logarithmic error at 650Hz for each process

corner

In self biased version of PAPS logarithmic ampli er, error in each data point is also
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Figure 2.28: Self biased PAPS LA: Logarithmic error at 5SkHz for each process corner

calculated using the same method explained in section 2.4.5. Logarithmic errors for
650Hz and 5kHz input currents are given in Figure 2.27 and Figure 2.28 for each
process corner. As given, the error is always in the range of -3.35dB to 2.48dB.

Moreover, input referred noise of the system is simulated to ensure that SNR is high
enough to amplify the minimum current output of the sensor, and its frequency re-
sponse is given in Figure 2.29. The total input referred noise of the system is 1.75nA

for a frequency range of 100Hz-10kHz.

Figure 2.29: Self biased PAPS LA: Frequency response of input referred noise
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Figure 2.30: Self-biased PAPS LA: Monte Carlo Simulations for Current Output

Finally, Figure 2.30 shows the variation in the peak value of the current output for
100nA input current by performing Monte Carlo simulations with 100 samples. The
mean value is found as 80nA while the standard deviation is 1.32nA. Even though
variation is increased compared to the externally biased circuit, self biased circuit is

also suitable for this application.

2.4.7 Comparison of Self and Externally Biased Logarithmic Ampli ers

Logarithmic behavior between the input and output of both self biased and externally
biased circuits are compared for the typical corner. Figure 2.31 and Figure 2.32 rep-
resent the response of both versions of PAPS current mode logarithmic ampli er for

input signals having 1kHz and 5kHz frequency.

As seen from Figure 2.31 and Figure 2.32, the difference between outputs of both
circuits increases especially at higher input currents. This is due to the fact that OTA
reference currentd ) are not exactly the same in both versions of the circuit. At
27°C, which is the default temperature value for simulations, the current reference
circuit generates 42.66nA bias current for self biased circuit while the DC current
being applied to the externally biased circuit is 40nA. Once these bias currents are
multiplied with current mirrors having higher gains, the difference between reference

currents to be applied to the OTAs also increases. This results in variation at the
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Figure 2.31: PAPS current mode LAs: Comparison at 1kHz

Figure 2.32: PAPS current mode LAs: Comparison at 5kHz

logarithmic ampli er output current for higher input currents.

Power dissipation of both self and externally biased PAPS logarithmic ampli ers and

their subblocks are also summarized in Table 2.1.

2.5 Discussion

Transient response of externally biased PAPS logarithmic ampli er given in section

2.4.5 and self biased PAPS circuit given in section 2.4.6 show that targeted input
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Table 2.1: Power Dissipation of PAPS Current Mode LAs and Subcircuits

Circuit Block Name Power Dissipation ( W)
Current Recti ers 0.024
OTA
1.77
(4 channels)

Current Mirrors 1.43
Current Reference 1.3
Externally Biased Circuit 25
Self Biased Circuit 3.8

dynamic range and frequency range is successfully covered with proposed circuits
even though there is a variation on the output between self biased and externally
biased versions as given in Figure 2.31 and Figure 2.32. The output dynamic range of
the externally biased system is 11.5dB while this value increases to 11.66dB for self
biased version which satis es the dynamic range condition of diseased cochlear for

electrical stimulation.

Moreover, as given in Figure 2.19, Figure 2.20, Figure 2.27 and Figure 2.28 error is
always within the range of -3.35dB to 2.48dB for both externally and self biased cir-

cuits in each process corners which provides suf cient accuracy for this application.

The total input referred noise of both systems indicates that SNR is always higher
than 10dB meaning that sensor output currents as low as 20nA can be processed with
proposed circuits.

The logarithmic ampli er's stability analysis cannot be done directly since the incom-
ing signal is corrupted with recti cation operation. This is why, instead of analyzing
overall system's AC response, OTA which is the only ampli er circuit within the log-

arithmic ampli er, is investigated separately as it is the only block that might suffer
from instability and low cutoff frequency. The gain and phase margin of the OTA

indicates that OTA is always stable while the cutoff frequency is 36.8kHz. So overall
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system is suitable for cochlear implant application requiring accurate functionality at
most at 20kHz.

According to the Monte Carlo simulation results of both externally and self biased
PAPS logarithmic ampli er, the standard deviation is 134pA for externally biased

circuit and 1.32nA for self biased one. Even though the standard deviation is in-
creased for self biased circuit, both circuits are still tolerable for FICI interface circuit
since it only leads to 0.67nA and 6.8 variation respectively in the FICI stimulation

current output which is in the order of miliampere.

As stated in sections 2.4.5 and 2.4.6, input dynamic range of the PAPS systems is
kept limited to 40dB since the main goal of the PAPS current mode logarithmic am-
pli er design is to prove that accurate logarithmic behavior can be achieved with the
proposed method in section 2.2 for nano-ampere range currents while dissipating ul-
tra low power. On the other hand, since 40dB input dynamic range is not suf cient
for cochlear implant applications, a channel selective logarithmic ampli er design is

proposed which is explained in chapter 3 in detall.
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CHAPTER 3

CHANNEL SELECTIVE CURRENT MODE LOGARITHMIC AMPLIFIER

3.1 Introduction

In this chapter, the design of channel selective current mode logarithmic ampli er is
explained. In section 3.2 overall system description is given along with the explana-
tion of each sub-circuit architecture. Then in section 3.3, simulation results for each

sub-block and overall system are given after parasitic extraction of layout.

3.2 Circuit Diagram and Subblocks

3.2.1 Overall System Description

As mentioned in section 2.5, the input dynamic range of the PAPS current mode
logarithmic ampli er is limited to 40dB since current mode subsystems of logarithmic
ampli er are incapable of functioning properly with input currents lower than 20nA
and ly currents reduce signi cantly which cannot be produced accurately. Since
the dynamic range of PAPS current mode logarithmic ampli er is insuf cient for
cochlear implant applications in terms of covering the entire daily acoustic band, a
channel selective current mode circuit is proposed and its block diagram is given in
Figure 3.1.

Considering the facts that additional blocks are required for processing input currents
lower than 20nA, that corresponds to lower SPL, and it is impracticable to generate
lower DC reference currentky currents on Figure 3.1, some preampli cations and

channel selection blocks are also included in the channel selective logarithmic ampli-
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Figure 3.1: Channel Selective Current Mode Logarithmic Ampli er Block Diagram

er in the expense of increased circuit complexity and power dissipation compared
to PAPS current mode logarithmic ampli er. In order to limit the increase in power
dissipation without making a tradeoff from circuit performance, only incoming sig-
nals that are lower than 20nA are preampli ed with the help of a channel selection
block. Moreover, reference current for the last stage is divided by 10 along with

the incoming current to this stage by preserving the ratio in between them.

The operation principle of the channel selective current mode logarithmic ampli er is
as follows: Input signal coming from the sensor is rstly copied into three branches
via input current mirror block so that it can be later processed by required subblocks
simultaneously. The rst branch of the input mirror is connected to the peak detector
which is always active while the remaining two branches are connected to low and
high current paths respectively and only activated when required. Based on the peak
value of the input current determined by the peak detector circuit, the current com-

parator generates either low or high control voltage. This control voltage enables the
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corresponding branch of the input mirror and the incoming signal is transferred to
later stages. More speci cally, if the amplitude of the incoming signal is lower than
20nA, which is a predetermined reference value for the current comparator based on
the requirements of other blocks, it needs to be preampli ed rst so that this signal can
later be processed by the remaining subcircuits. In this case, only a low current path
is activated. On the other hand, for the input signals larger than 20nA, 1.8V control
signal is generated which indicates that preampli cation is not required. Hence only
a high current path is activated. Then in both cases, the input current is full wave rec-
ti ed with the current recti er block. Similar to the PAPS current mode logarithmic
ampli er explained in section 2.3.1, logarithmic ampli cation is performed with OTA
using the same method in section 2.2. The only difference from PAPS current mode
logarithmic ampli er in terms of logarithmic ampli cation approach is the number of
channels used for parallel ampli cation. Finally, the output of each parallel OTA is
summed, copied, and converted into current output which is provided to the rest of

the FICI circuit and into a voltage output which is used for testing purposes.

In general, none of the stages turns off while replicating piecewise logarithmic be-
havior with parallel ampli cation parallel summation method hence saturated current
outputs of each stage contribute to the overall output current. On the other hand, dur-
ing logarithmic ampli cation of input currents higher than 20nA, the low current path

is disabled and hence their effect is not included in the overall output current. In or-
der to replicate this behavior, DC bias current is added at the output in the high input
current case. Since only the peak levels are important for the rest of the FICI circuit,
replicating the saturation behavior of the low current path with DC bias current does

not cause any discrepancy.

Both externally biased and self biased channel selective current mode logarithmic
ampli er's layout views are given in Figure 3.2 and Figure 3.3. The externally biased
version occupies an area 580 x 396 m while the area of self biased version is
580 m x 527 m.
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Figure 3.2: Layout of externally biased channel selective current mode LA

Figure 3.3: Layout of self biased channel selective current mode LA
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3.2.2 Current Mirrors

There are various current mirror blocks inside the channel selective logarithmic am-
pli er used for different purposes. For instance, current mirrors are used in the front
end of the logarithmic ampli er as explained in chapter 3.2.2.1 in order to distribute
input current correctly. Additionally, for the ampli cation in low input current case,
current mirrors are used in the form of the ampli er as given in chapter 3.2.2.2. Fi-
nally, similar to the PAPS current mode logarithmic ampli er, required DC bias cur-
rents are generated with current mirror based bias distribution blocks given in chapter
3.2.2.3.

3.2.2.1 Input Current Mirrors

Figure 3.4: Input Current Mirror Circuit

As mentioned, the unity gain cascaded current mirror topology given in Figure 3.4

is used at the front end of the channel selective current mode logarithmic ampli er
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to copy the incoming current into three branches. The second and third branches
are combined with transmission gates in order to ensure that these branches will be
enabled in a complementary fashion depending on the control signal generated by the
comparator block in section 3.2.4. If the control signal is OV, this means that the low
current path, which generatésyr, in Figure 3.4, is enabled, and the high current
path, which generatdgyts in Figure 3.4 is disabled. The opposite is also true for

the case where the control signal is 1.8V.

Cascaded current mirrors work unidirectional which means that incoming signals
should always be positive. This is why 2 DC bias current, which corresponds to
the maximum targeted input signal's amplitude, is added to the input current before
copying it. The same amount of current is also subtracted before delivering copied
signals to the next blocks of the logarithmic ampli er. In this way, the incoming sig-
nal's shape and amplitude are preserved which is signi cantly important for accurate

neural stimulation based on the environmental sound signal.

3.2.2.2 Current Ampli er

Figure 3.5: Current Ampli er Circuit
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For ampli cation of the input currents in the range of 5nA to 20nA, the current am-
pli er given in Figure 3.5 is used. Cascaded current mirror topology is chosen in
this design due to its simplicity, having low power dissipation, low input resistance,
and high output resistance while still being able to process input currents in the nano
ampere range. The current ampli er block is separated from the input current mirror
given in chapter 3.2.2.1 because in the input current mirror block RC current

has to be added to the input current before copying operation regardless of the ampli-
tude of the input. If preampli cation is performed inside the input current mirror, DC

current increases to 1@ which increases the power dissipation signi cantly.

The gain of the ampli er should be high enough so that lower sensor currents can be
ampli ed while the cutoff frequency should be higher than 20kHz since this circuit

is designed for FICI. So, the current gain of this circuit is chosen as 5 by considering
the gain and bandwidth trade off. Transmission gates are also included so that this
block will be only activated when the current level is below a certain threshold, which
is 20nA for channel selective design. In this way, the power dissipation of the overall
system is further reduced. Finally, this current ampli er properly operates when the
current is higher than 0. So, 40nA DC current is added to the input current before
ampli cation. In order to ensure that there is no offset remaining at the output, 200nA

DC current is also subtracted from the output of the current ampli er.

3.2.2.3 Bias Distribution Block

Similar to the PAPS current mode logarithmic ampli er design, cascaded current mir-
rors are used to copy either externally provided or self generated DC current with
different multiplication factors to generate the required DC currents inside the chip.
The same circuit architecture given in chapter 2.3.2 is implemented only by adding
additional branches. Based on the minimum and maximum input current levels that
needs to be processed by the logarithmic ampli er, DC reference curignt&nd

| x6, are determined as 20nA and 100nA respectively. Bgthandly ¢ currents

are divided by ten to optimize power dissipation while preserving the accuracy of the

logarithmic behavior at the same time.
A similar approach explained in chapter 2.3.2 is also used in channel selective design
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to determine reference currents of remaining OTA stages which means that each stage
which again means that each stage does not have to cover the same input dynamic
range. Since the low current path preampli es incoming signal, the rst and second
OTA stages approximately cover same input amplitudes as the third and fourth stages.
Hence|l x 3 andl x 4 currents are the same with thg; andl x , currents respectively.
Finally, to prevent any offset at the OTA output, the same amount of DC current is

applied to the input current, and voltage imbalance at the input pair is prevented.

3.2.3 Peak Detector

As mentioned in chapter 3.2.1, the current mode peak detector and current compara-
tor are implemented for channel selective current mode logarithmic amplier as a
channel selection block to determine the signal path based on the amplitude of input
current. For this purpose, a peak detector in the existing current mode FICI front end
circuit is used. As given in Figure 3.6, the peak detector consists of a current sampler
circuit, a cascaded current mirror, and a current comparator. As a current compara-
tor, the same circuit used in channel selective logarithmic ampli er and explained
in chapter 3.2.4 is preferred due to simplicity, accuracy, and low power dissipation
features.

Figure 3.6: Current Mode Peak Detector

The current mode peak detector circuit operates as follows: First, input current is
copied into two signals highlighted in red in Figure 3.7 via built in cascaded current
mirrors. Then signdly 1 is sampled with the sample and hold circuit given in chapter

3.2.3.1. In the meantime, the difference between sampler output clirgenaind
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| sampLe 1 are calculated continuously. If the amplitude of thgup e 1 IS lower

than the amplitude ofjy 2, it means that the input current is still rising and has not
reached its peak value yet. So, the output of the current comparator, which is the
EN signal for the current sampler, becomes 1.8V. As long as this is the case, the
sample and hold circuit continues to operate in sampling mode. If the amplitude of

I sampLE 1 €Xceeds the amplitude bfy », which means that the peak of the signal is
already detected, the current comparator output becomes 0V, hence sample and hold

circuit works in hold mode.

3.2.3.1 Sample and Hold Circuit

Figure 3.7: Current Mode Sample and Hold Circuit

The sample and hold circuit used inside the current mode peak detector is given in
Figure 3.7. As the name implies, two operation modes exist in this circuit which
are sampling mode and hold mode. Assuming that the reset signal is low, if EN
signal is high, transmission gates turn on hence circuit works as a cascaded current
mirror that copies input current with a unity gain. On the other hand, in the case
where EN signal is low, the transmission gate becomes off. So output current is

xed at the previous current value, current during sampling mode, since charge on
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theChop capacitor xes gate voltage d¥ly ;. The capacitance value &op is
adjusted by trying to have maximum holding performance while not increasing the
chip size signi cantly at the same time. Moreov€;, rer Ccapacitor in parallel to

the cascaded PMOS transistors at the output shows low pass Itering behavior along
with the output resistor of transistors. In this way, glitches on the output can be
reduced further.

3.2.4 Current Comparator

The current comparator is used in channel selective current mode logarithmic ampli-
ers to generate a control voltage which chooses one of the possible current paths
based on the incoming signal's amplitude. More speci cally, Traff comparator based
architecture is preferred for this purpose by considering its simplicity and superior
power dissipation performance [31]. While circuit topology is the same as the one in

[31], design parameters of the comparator circuit are customized for this application.

Figure 3.8: Traff Comparator

Figure 3.8 represents the comparator circuit. The rst stage of the Traff compara-
tor is a source follower while the remaining stages are basic CMOS inverters. By

implementing CMOS inverter at the last stage, the response time of the comparator
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is improved due to the positive feedback. Additionally, input resistance is reduced
which improves the performance of the current mode circuit further compared to the

ones designed with current mirrors.

The current comparator circuit in Figure 3.8 operates based on the difference between
input current and 20nA DC bias current. If the difference is greater than 0A, the
comparator output is equal to the value of the positive supply voltage which is 1.8V
in this case. Hence high current path in Figure 3.4 is enabled. Otherwise, comparator
output gives the negative supply voltage value, which is OV in this design, and hence

enables the low current path in Figure 3.4.

3.2.5 Current Recti er

The current recti er in channel selective current mode logarithmic ampli er is identi-
cal to the one in PAPS current mode logarithmic ampli er explained in 2.3.3 in terms
of circuit architecture. The only difference is, in channel selective design, there are
two paths, a low current path, and a high current path. So in addition to the four
output current recti ers used at the front end of PAPS logarithmic ampli er, a current
recti er with two outputs is also included in the channel selective circuit for the low

current path.

3.2.6 Operational Transconductance Ampli er (OTA)

Operational Transconductance Ampli er circuit used for performing logarithmic am-

pli cation by using MOSFET in the subthreshold region is identically the same in
both PAPS and channel selective current mode logarithmic ampli ers and explained
in chapter 2.3.4 in detail. In order to cover a wider input dynamic range, the number
of stages is increased to 6 in the channel selective circuit hence relevant reference cur-
rents of OTA (x currents) vary from the ones in the PAPS current mode logarithmic

ampli er.
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3.3 PEX Simulation Results

In this section, the performance of both externally biased and self biased channel se-
lective logarithmic ampli ers are investigated. Firstly, results of novel blocks such as
current ampli er, peak detector, and Traff comparator used only in channel selective
design are given individually in between sections 3.3.1 and 3.3.4. Current recti ers,
bias distribution block, OTA, and current reference circuit architectures are common
in both PAPS and channel selective current mode logarithmic ampli ers and their
simulation results can be found in between sections 2.4.2 - 2.4.4. Finally, overall
system behavior is presented in sections 3.3.5 and 3.3.6 for externally biased and self
biased versions respectively. Similar to the case in chapter 2.4, all results given in this

section include parasitic effects on the layout.

3.3.1 Current Ampli er

This circuit is simulated for 500Hz input currents with 5nA, 10nA, and 15nA am-
plitudes in order to validate the transient behavior of the circuit. The result given in
Figure 3.9 shows that the amplitude of the output currents are 25nA, 50nA, and 75nA
for corresponding inputs which means that gain is always 5 as expected.

Figure 3.9: Current Ampli er: Transient Response at 500Hz

Variation in the current gain is investigated for different process corner cases by ap-
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Figure 3.10: Current Ampli er: Transient Response at 500Hz Corner Analysis

plying 10nA input signal. Transient simulation results provided in Figure 3.10 and
Figure 3.11 for 500Hz and 5kHz inputs indicate that there is no signi cant variation

in the ampli er's current gain.

Figure 3.11: Current Ampli er: Transient Response at 5kHz Corner Analysis

Additionally, AC response of the ampli er states that the ampli er's cutoff frequency
is 27kHz while the phase margin is 82°. This means that the ampli er is stable and

functional within a frequency range of interest.
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3.3.2 Sample and Hold Circuit

The transient behavior of the sample and hold circuit used inside the current mode
peak detector is given in Figure 3.12 for each process corner. As seen from, Figure
3.12, sample and hold circuit works as expected by following the input when the

enable signal is high.

Figure 3.12: Sample and Hold Circuit: Transient Response at 500Hz

The holding performance of the circuit is limited by the size of the hold capacitor, so
there is a dead-zone for input current between 20nA and 22nA which may lead to the
generation of the wrong channel enabling voltage. Since the range for the dead-zone

is very limited, the overall logarithmic ampli er can tolerate this variation.

3.3.3 Peak Detector

Current mode peak detector's transient response to 1kHz and 5kHz input signals with
various amplitudes (10nA, 25nA, 100nA) are given in Figure 3.13 and Figure 3.14.
As seen from Figure 3.13 and Figure 3.14, the peak of the input current is detected

successfully in each case.
Moreover, the transient response of the peak detector in each process corner is also
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Figure 3.13: Peak Detector: Transient Response at 1kHz

Figure 3.14: Peak Detector: Transient Response at 5kHz

given in Figure 3.15 and Figure 3.16 for 50nA input signal having two different fre-
guencies, 1kHz and 5kHz, respectively. Although there is a dead zone as described in
chapter 3.3.2, the accuracy of peak value detection is still suf cient for this applica-
tion in each process corner since the only important thing is to decide whether signal

amplitude is higher than 20nA.
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Figure 3.15: Peak Detector: Transient Response at 1kHz Corner Analysis

Figure 3.16: Peak Detector: Transient Response at 5kHz Corner Analysis

3.3.4 Current Comparator

The current comparator's performance is studied by applying sinusoidal inputs of
5nA to 2 A and observing transient behavior of the comparator. In Figure 3.17 and
Figure 3.18 input output plots are given in all process corners for 500Hz and 5kHz

input signals respectively.
As expected, when the peak value of comparator's input current is negative, the com-
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Figure 3.17: Current comparator response for 500Hz inputs Af(2), 5nA (b)

Figure 3.18: Current comparator response for 5kHz inputs 8f @), 5nA (b)

parator output voltage is OV. Once the peak value of the comparator input current

exceeds 0, the comparator output voltage becomes 1.8V.

3.3.5 Externally Biased Channel Selective Current Mode Logarithmic Ampli-
er

The performance of externally biased channel selective current mode logarithmic am-
pli er is validated with various simulations. Firstly, the transient response of the sys-
tem, which is observed for two different frequencies, 500Hz, and 5kHz, is given in
Figure 3.19 and Figure 3.20 respectively for the typical process corner. In each case,
6 input amplitude values, 5nA, 15nA, 40nA, 200nA, 800nA, and2are chosen in

order to ensure that the effect of each OTA is observed at the output.
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Figure 3.19: Externally Biased channel selective LA: Transient Response at 500Hz

Figure 3.20: Externally Biased channel selective LA: Transient Response at 5kHz

Input-output relation of the externally biased channel selective logarithmic ampli-
er is compared with an ideal logarithmic curve in each process corner for 500Hz
and 5kHz inputs. As given in Figure 3.21 and Figure 3.22, the logarithmic ampli-
er output current is 43.3nA for minimum input current of 5nA while it is 197nA
for maximum input current of 2A for the typical corner case. This shows that the
logarithmic ampli er's gain is not xed hence output dynamic range is compressed

to 13.16dB while the input dynamic range is 52dB.
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Figure 3.21: Externally Biased channel selective LA: Corner Analysis of Input Output
Relation at 500Hz

Figure 3.22: Externally biased channel selective LA: Corner analysis of input output

relation at 5kHz

In addition, the accuracy of externally biased channel selective logarithmic ampli er
is veri ed by calculating logarithmic error in each data point using the method ex-
plained in section 2.4.5. In Figure 3.23 and Figure 3.24 error is given in dB scale in
each process corner for 500Hz and 5kHz inputs respectively. As seen, the error is
always in the range of -1.65dB to 2.73dB.
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Figure 3.23: Externally biased channel selective LA: Logarithmic error at 500Hz

Figure 3.24: Externally Biased channel selective LA: Logarithmic Error at 5kHz

In order to ensure that the system's SNR is high enough to process minimum targeted
sensor output, the noise performance of the circuit is investigated and the frequency
response of the input referred noise is given in Figure 3.25. The total input referred

noise of the system is 455.21 pA for a frequency range of 100Hz-10kHz.

Finally, the effect of mismatch on the circuit performance is analyzed by performing
Monte Carlo simulations with 100 samples. In Figure 3.26 statistical variation on the

output current is given for 100nA, 1kHz input signal. As seen from Figure 3.26 mean
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