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SUMMARY

The objective of this research is to develop and design fodt analog circuits for
Capacitive Micromachined Ultrasound Transducers (CMUAFg) optical grating MEMS
microphone. This work is motivated by the fact that with roiscaling, MEMS sense
capacitance gets smaller in a CMUT array element for insewiar ultrasound imaging,
which has dimensions of 70um x 70um and sub pico-farad cemma. Smaller sensors
lead to a lower active-to-parasitic ratio and thus, degssasitivity. Area and power re-
quirements are also very stringent, such as the case ovastalar catheter implementa-
tions with CMOS-First CMUT fabrication approach. In thisplamentation, capacitive
feedback charge amplifier is an alternative approach tstresifeedback amplifiers. Ca-
pacitive feedback charge amplifier provides high sensjtigmall area, low distortion and
saving power. This approach of charge amplifiers is alsalsig@tin capacitive microphones
where it provides low power and high sensitivity. Anothepigach to overcome capacitive
detection challenges is to implement optical detectionthincase of biomimetic micro-
phone structure, optical detection overcomes capacitteations thermal noise issues.
Also with micro-scaling, optical detection overcomes thereased parasitics without any
sensitivity degradation, unlike capacitive detection: lir@aring aids, along with sensitivity,
battery life is another challenge. We propose the use ot frdmt-end sigma-delta ADC
for overall improved hearing aid poweffieiency. Front-end interface based on envelope
detection and synchronous detection schemes have alsaleésigned. These interface cir-
cuits consume currents in micro-ampere range from a 1.5 fyatCircuit techniques are
used for maximizing linear range and signal handling witln Bupplies. The entire front
end signal processing with Vertical Cavity Surface Emgtiraser (VCSEL) drivers, pho-

todiodes, filters and detectors is implemented on a singfeint®.35um CMOS process.

Xiv



CHAPTER 1
ANALOG INTERFACE FOR MEMS SENSORS

Microelectromechanical system (MEMS)-based sensorsegatifiormation from the
environment through measuring mechanical, thermal, giod, chemical, optical, and
magnetic phenomena. The electronics then process thd sifpranation derived from the
sensors in the presence of parasitics and noise. BecauseSuleMces are manufactured
using batch fabrication techniques similar to those usedntegrated circuits, unprece-
dented levels of functionality, reliability, and sophéstiion can be placed on a small sil-
icon chip at a relatively low cost [1]. Interface electralmecomes challenging with the
miniaturization of sensors in the presence of parasitidsaduced sense capacitance. The
first part of this research focuses on an alternative approaasing capacitive feedback
charge amplifiers to a resistive feedback charge amplifreaddressing these issues. The
second part covers interface electronics for optical dietecwhich is another approach
to capacitive detection as used in hearing aid microphongssirict power and supply
limitations.

MEMS have the capabilities to manipulate and process sdrah the physical world.
The micro-scale size of these device increases the relpéivasitics with respect to the
sense capacitance. In order to mitigate the parasitics raarddse the sensitivity of the
signal of interest, we make use of a capacitive feedbaclgelramnplifier with pseudo-MOS
resistors for stabilizing the DC input node voltage. Thipamtive detection technique
is used with capacitive micromachined ultrasound transdu@CMUT) for intra-vascular
imaging and also with capacitive MEMS microphones. Withtgoecessed CMUTSs on
a CMOS wafer, we have designed an integrated chip solutiomrfioultrasound signal
transceiver.

However, capacitive detection is not the only approach émssng MEMS. Optics is



now also becoming feasible for sensing MEMS with the reductn size of the verti-
cal cavity surface emitting laser (VCSEL). Optical detectis very powerful for high-
resolution interferometric displacement sensing. Thagtcs and thermal noise of MEMS
sense capacitance can also be solved with the use of ophissafproach gives added ben-
efit as the shot noise limit can be reached [2]. In a miniatizedspackaging, diraction-
based MEMS membranes can be integrated with VCSEL to forrglayhsensitive micro-
phone for hearing aid applications. We have investigatelddasigned various circuits for a
low-power, low-voltage electronic interface with the @ali MEMS sensor in microphone
applications. These interface electronics consume naomperes of current from a 1.5V
battery. Furthermore, a 1-bit ADC is also proposed for tloathend interface for optical

detection in order to maximize the powedfieiency in hearing aid applications.

1.1 Capacitive Micromachined Ultrasound Transducers

MEMS are embedded systems that involve one or more micromagtitomponents or
structures. They enable higher level functions, thougir tidity may be limited. For
example, a micromachined pressure sensor insom&nd is useless, but, under the hood,
it controls the fuel-air mixture of the car engine. Thesesses often integrate several
functions together into one package for greater utilitg.(@nerging an acceleration sensor
with electronic circuits for self-diagnostics). Additialty, the cost benefits of MEMS can
come either directly through low unit pricing or indirecthy cutting service and mainte-
nance costs [3]. This section will cover capacitive micramaed ultrasound transducers

(CMUT) for intra-vascular imaging.

1.1.1 Intra-vascular Ultrasound Imaging

Intravascular ultrasound (IVUS) is a medical imaging tagha that uses a catheter with
a built-in ultrasound probe. This makes use of ultrasounsket the inside of the blood
vessels. It gives a cross sectional view of the inner walllobth vessels. IVUS is pri-

marily used in coronary arteries to examine the amount afygabuildup along the inner
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Figure 1.1. Cross sectional view of the Capacitive Micromdtined Ultrasound Transducer (CMUT). In
transmit mode, the electrodes are actuated with AC signal oa high voltage DC bias. While
in receive mode a DC bias is applied on the electrodes and theMJT is connected with the
receive electronics.

walls. Visualizing plaque is the most valuable use of IVUS¢e plaque cannot be seen by

angiography.

1.1.2 Capacitive Micromachined Ultrasound Transducer

Piezoelectric transducers have long dominated ultragoemsducer technology; however,
CMUTs have recently emerged as an alternative technoldtprirng advantages such as
wide bandwidth, ease of fabricating large arrays, and patefor integration with elec-
tronics [4].

CMUTs are essentially capacitors with one moveable eldetr@\ctuation occurs ac-
cording to Coulombs Law, as shown in Fig. 1.1. The force afaation generated be-
tween two oppositely charged electrodes causes the mevebddtrode to deflect. If an
alternating voltage is applied to the device, the movedele®de begins to vibrate, thus
generating ultrasound. If CMUTSs are used as receivers,¢hanges in pressure, such as
those from an ultrasonic wave, cause the moveable electoadisflect, hence producing a

measurable change in capacitance.

1.1.3 Challenges in Capacitive Sensing and IVUS imaging
Capacitive transduction is one of the more important anelyidsed techniques in MEMS,
such as in CMUTSs. In a typical two-chip hybrid approach thsreurrent leakage along

with parasitics to ground. This parasitic capacitance @hith the static capacitance of
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Figure 1.2. Schematic diagram of the IVUS catheter employig the forward-looking annular-ring
CMUT array with integrated front-end electronics.

the sensor can be much larger than the capacitance vasdtdrme sensed. This creates

many challenges for high sensitivity, high dynamic rangeed#n. In addition, power

consumption is also a critical issue in applications like WH: hearing aids and CMUT-

based IVUS imaging.

In intra-vascular ultrasound applications, the piezdele¢ransducer technology has
prevented ffective implementation of systems with diameters below 1 fdn.the other
hand, the latest advancements in CMUT technology enabledhstruction of forward-
looking (FL) annular-ring transducer arrays that can begalan front of the catheter [5].
Because of the small size of each CMUT element in an FL-IVU&yawhich is on the
order of 10Qum and is much smaller than that in a non-invasive 1-D CMUT yartlae
parasitic capacitances introduced by the electrical ¢ot@mects can easily overwhelm the
device capacitance and impair the achievable signal-tter{®NR) ratio. Either integrat-
ing the CMUT array with electronics on the die level or builglthe CMUT array directly
on CMOS elements, as illustrated in Fig. 1.2, can avoid thi®peance degradation caused
by the cable losses. Since the probe is located inside thenpatbody, power dissipation
is another major concern. Because IVUS imaging requiregla f@solution and because
the imaging depth for vessels is relatively shallow, thasthicers usually operate at a high

frequency; therefore, low-power electronics are veryaait
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Figure 1.3. Schematic diagram of a micromachined acousticesisor with a built in phase-sensitive
diffraction grating for displacement detection.

1.2 Diffraction Grating Optical Microphone

A simple schematic of the firaction-based optical displacement detection schemieiss il
trated in Fig. 1.3. It consists of a transparent substrateavi optically reflective diraction
grating fixed to the surface. The grating consists of altamgaegions of reflective fingers.
An optical reflector, whose displacement is to be monitoiseglaced behind the substrate.
A highly compliant membrane is made part of a phase-seedififraction grating, and the
deflection resulting from external acoustic pressure aliee intensities of the firacted
orders, which are monitored with photodiodes [6]. Figur illustrates the diractions
orders on the intensity plot [2].

This highly sensitive optical displacement detection radtimplemented in a small
volume and with reduced power consumption has the potént@mpete with commonly
used capacitance-based methods in micromechanical seystems [2]. The traditional
capacitive acoustic sensors do not scale down favorablyother words, reducing the
membrane size decreases the ratio of the active capacitartbe parasitic capacitance,
thereby requiring a gain in mechanical compliance, whictumn necessitates the use of

very thin, low-stress membranes, that aréclilt to reproduce in a repeatable manner [1].
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Figure 1.4. Diffraction efficiencies of the zero, first, and third orders.

Reducing the membrane gap to increase the active capaeitandncrease the ftiess of
the trapped air and reduce the electrical sensitivity bytiing the sustainable electric field
[7,8]. To address these problems, optical techniques &®@ wgh difraction gratings as
a method to measure displacement from acoustic pressurneiaphones. This hybrid in-
tegrated system can be implemented in acoustic-sensacafpmhs using both continuous

wave and pulse VCSEL to show reduced power consumption.

1.3 Low Power and Low Voltage Design

There are limitations of integrated circuits when facechwiite requirements of low power.
Low-noise amplifiers are critical in applications where yéadynamic range is needed.
We can express dynamic range as signal-to-noise ratio (SAR}he standard CMOS
technology continues to improve, the power supplies areedsing and even going below
1 \Volts. This reduction comes from the fact that processeslasigned for speed and this
indirectly afects the breakdown voltages hence the maximum power supjtges.
Along with noise, we must also take into account the lingasftthe amplifiers. If the

amplifier is nonlinear, then a pure sinusoidal input signéllereate harmonics. Now if the

total harmonic distortion (THD) is more than the noise, tirethis case, the non-linearity



becomes the limiting factor. It is common to use the notabibsignal-to-noise plus distor-
tion (SNDR). This includes noise and the distortion in dyi@arange specifications.
When considering low noise design, we start with the singl@3Mransistor. The equiv-

alent input mean square voltage noise is given by:

_8kT+ K
" 3gm  WLCKT

(1.1)

The first part of the equation is the thermal noise and thergkpart is the flicker noise
where k is the Boltzman’s constant, T is temperatgkeis the small signal transconduc-
tance, K is the flicker noise, W is the width of the transistas the length of the transistor,
fis the frequency in Hertz anQ, is the gate oxide capacitance per unit area [9].

In many respects, the thermal noise of a MOSFET device isvabuit to the thermal
noise of a BJT. Unfortunately, thefinoise is much larger. We note that minimizing the
thermal noise of an amplifier is reasonably straightforwdftbm the first term in (1.1),
we see that we want the small-signal transconductapc® be large to minimize the
equivalent input-mean-square noise voltage. This can be dg large dc currents or large
W/L ratios. For the Af noise, there are at least three approaches to minimiziag/th
noise of CMOS amplifiers. The first is to minimize the noisetabntion of the MOSFETSs
through circuit topology and transistor selection (NMOSRMOS), dc currents, and &
ratios. The second is to replace the MOSFETs by BJTs to aleidt noise. The third is

to use external means, such as chopper stabilization, tomzethe If noise.

1.3.1 Total Harmonic Distortion (THD)

If a sinusoidal signal is applied to a linear time-invariapstem, it is well known that the
output will also be a sinusoidal waveform at the same frequédiut possibly with dferent
magnitude and phase values. However, if the same input igeddp a nonlinear system,
the output signal will have frequency components at harosof the input waveform,

including the fundamental harmonic. For example, if a 1 Mifmsoidal input signal



is used, the output signal will have power at the fundamedtdfiHz, as well as at the
harmonic frequencies, 2 MHz, 3 MHz, 4 MHz, and so on. The thé&monic distortion
(THD) of a signal is defined to be the ratio of the total powetle second and higher
harmonics components to the power of the fundamental fdrdigaal. In units of dB,

THD is found using the following relation:

V2 + V2, + V2, +---
THD = 10log(-*2 “3\/2 n
f

(1.2)

where Vf is the amplitude of the fundamental and, V6 the amplitude of the i'th

harmmonic component. Sometimes THD is presented as pagzeualue. In this case,

2 2 4 \/2
\/Vh2+vh3+vh4+"'

THD =
Vi

x 100 (1.3)

It should be noted that the THD value is always a function efamplitude of the input
signal, and thus the corresponding signal amplitude maetltz reported. Typically first 5

harmonics are used for THD calculations as the higher coemisrfalls df very quickly.

1.3.2 Rail-to-rail Input Stages

A very well-known approach for implementing an input stagéhva rail-to-rail common
mode input range is to place an N-type and P-tykecential pair in parallel[10], as shown
in Fig. 1.5(a). In this circuit the bias currents are geredtdiy transistors. In each case
of the diferential pair, the biasing transistor’s drain to sourcdgage should be able to
support the current it provides. For the N-typ&eliential pair, this determines the lower
boundary of operation range of the N-type metal-oxide-senmductor (NMOS) dferential
pair. The upper boundary is determined by the supply volaagethe fact that the gate
voltage of a transistor may exceed the drain voltage by orthyeshold voltage before it
brings the transistor out of saturation. Therefore, theypetdiferential pair can operate

from a certain common-mode input voltage above the negatipply rail up to a certain



V+ -4+

Vagf™"""7"""
Ibias-p %
o
(p)
@)
=
To next <
__I I___{.;_ V- stage =
I_ o
w
O
=
Ii o
bias-n !
VSS- ---------
(a) (b)

Figure 1.5. (a)Rail-to-rail differential input pair (b)Voltage range of operation

common-mode input voltage above the positive supply raihdgated in Fig. 1.5(b). For
the PMOS diferential pair the opposite is true. Thus applying the twogl@mentary input

pairs in parallel results in an input stage which has a commode input range that can
even exceed the supply rails., provided that adequateiiryrés available for combining

the output signals of the individualféerential pairs.

Three diferent operation areas can be distinguished:

e The common-mode input voltage is near the negative supjpjsignal transfer will

take place only by the P-typeftirential pair.

e The common-mode input voltage is in a region somewhere imilddle between the

supply voltages; both the NMOS and the PMOSatdiential pairs will be active.

e The common-mode input voltage is near the positive supjltysignal transfer will

take place only by the N-typeftierential pair.

It is clear that without precautions the transconductanaaf the combination strongly
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Figure 1.7. ICMR measurement for rail-to-rail input.

depends on the common-mode input level because only in aregmewhere in the mid-
dle of the supply voltages will both filerential pairs be active. A nonconstant (i.e. a
common-mode input voltage dependent) transconductgnas undesirable, because a
variation ing_ causes a variation in the unity-gain bandwidth of the anguldind prevents
an optimal frequency compensation. This reduces the fieasitity-gain bandwidth of the
compensated amplifier. Furthermore, a common-mode ingtégedependent transcon-
ductance causes extra distortion.

The ICMR measurement is shown in Fig. 1.7. We seep the inputrcan mode of a

10
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Figure 1.8. (a)Capacitive division. (b) Tobi element for orchip high resistance element.
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Figure 1.9. (a) Tobi element with resulting bipolar transigors. (b) Cross-sectional view of Tobi element.

buffer configuration from 0 to 1.5Volts. Notice that the wide +taHrail behavior. In case
of a single PMOS or NMOS input, the response would be redugdatidturn-on voltage

of the diferential pair.

1.3.3 Tobi Element

For increasing signal linearity by attenuating input signah capacitive division[11] is

one interesting approach as shown in Fig. 1.8(a), but thisesowith the challenges of
biasing the floating node. Here we go over a very simple elérhan exactly performs

that. Figure Fig. 1.8(b) shows an adaptive element withla-Bke |-V characteristic. It has

11



a very nonlinear resistor-like characteristics. It is coomhy called "tobi element” (after
Tobi Delbruck)[12]. It consists of a diode-connected widlsistor in one direction and a
parasitic vertical bipolar transistor in the other as showfigure 1.9. It essentially has two
modes of operations, namely bipolar and MOS mode. The moderafuction when the
well voltage is higher than the gate voltage: The structots as a diode-connected MOS
transistor. The opposite case: The/ip junction is forward-biased, and the device as a
whole acts as a bipolar transistor with two collectors. it aiso be looked at like to diodes
in parallel with opposite polarity. The current increasgpanentially with voltage with
either sign of voltage, and there is an extremely high rasc region around the origin.
Tobi element now can be used in conjunction with capacitivisibn in amplifiers. As our
microphone is low power and low voltage batttey system, wie make use of linearity

maximizing approachs through out receiver electronics.

12



CHAPTER 2
CHARGE AMPLIFIER FOR CAPACITIVE SENSING

Capacitive detection is a common, and most important matked in microelectrome-
chanical systems, such as in CMUTSs. The flexibility of digitata processing systems has
sparked significant researciiats to develop new algorithms to reconstruct, enhance, and
analyze ultrasound images. However, the ability and usefd of these algorithms de-
pend on the quality (e.g., SNR, bandwidth, and dynamic rpofjae original echo signal,
making the transducer and associated front-end elecg@h& most critical components
of ultrasound imaging systems. In this section, we proposapacitive feedback charge

amplifier for front-end analog processing of CMUT sensors.

2.1 Analysis of Capacitive Sensing Charge Amplifier

Fig. 2.1 shows the small-signal model of the capacitive isgnsharge amplifier. In this
amplifier, the input capacitance, the explicitly drawn aataace, and all the parasitic ca-
pacitances from the floating node to ground are all includ€},i The amplifieris modeled
as a first-order system in the following analysis [13].

The transfer function and SNR expression are summarizesvbel

Transfer function:

Voul(s) _Vbias ) 1-5G/Gn

- , 2.1
Csensof ) G 1+ sCy/Gn (2.1)
whereCer = (CoCr - C2) /Ct, Co = CL + Cy, andCr = Censort Cw + Cr.
SNR:
2KAVIin max2
SNR> Cgp - ———max | 2.2
=7 nguy (22)

wherex is the subthreshold slope d&eient of transistors) is the dfective number of
noisy transistorsy is the charge of an electrob;; is the thermal voltage, antiVji, max IS

the maximum input linear range of theff@irential pair. From (2.1), the circuit can achieve

13
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Figure 2.1. Schematics of the small-signal model of capabie sensing charge amplifier.

| Floating-node Charge
Adaptation Circuit
Cemut
+AC
Vbias—HZ

Figure 2.2. A new approach to sensing capacitance change bging a charge amplifier and a floating-
gate based charge adaptation circuit.

high sensitivity by choosing a largé,.s and a smallC;. From (2.2), a larger g can

improve the linearity and the SNR.

2.2 Charge Amplifier with Charge Adaptation Feedback

Fig. 2.2 shows the basic topology of capacitive feedbackgehamplifier. The charge adap-
tation circuit can be modeled by a small feedback conduetancas shown in Fig. 2.3(a).

The transfer function of the sensing circuit can be expikase

C
Vout(S) _ Vbias ) S(Se_m -1) 2.3)
Comut(S) O @CrCoC? Ci+Cr/A |, Cr+Co—2C ’ '
g +S[ g 4

whereA is the amplifier gain. As shown in Fig. 2.3(b), the adaptasoheme creates an
extra zero at the origin and an extra low-frequency polerday/C;, assumingA is large

enough. If the transistors are in subthreshold region, weleave the minimum detectable

14
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Figure 2.3. (a) The small signal model of a charge amplifier vtlh charge adaptation circuit, which is
modeled by a feedback conductance. (b) Simulated frequencgsponse of the circuit shown
in (a).

capacitance as:

1 /nq U C:Cs
AChi = . } 2.4
min,CA Vbias 2KC0 ( )

Conventionally, CMUT signals are converted from capaeitiurrents into voltages by
using either resistive terminations followed by amplifim@mmon-gate amplifiers, or re-
sistive feedback TIAs as shown in Fig. 2.4 [4]. The first ajpgtostfers from the direct
trade-df between bandwidth and input-referred current noise becthey both are pro-
portional to ¥R,. In the common-gate topology, although the noise can bemized
by maximizing the load resistance and the overdrive voltafgel, without afecting the
bandwidth, it incurs a reduction in the output voltage headr. In the last case, because
the feedback resistance does not limit the voltage headeswhbecause the input capaci-
tance can be reduced by the amplifier gain by the "shunt-sifesdback, TIA topology is
widely used in capacitive sensing applications. Howevéemthe operating frequency is
high, the bandwidth can be limited by the parasitic feedlzagacitance.

It is interesting to note that Fig. 2.3(a) can also be viewed amall signal model of

a TIA with a parasitic feedback capacitance. The expressi@¢®.3) can be rearranged to
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Figure 2.4. (a) Schematic of a resistive termination followd by an amplifier stage. (b) Schematic of a
common-gate amplifier. (c) Schematic of a resistive feedbkd¢ransimpedance amplifier.

describe the transfer function of the TIA as:

Cy
VOut(S) _ VOUt(S) _ 1 . SG_m B (2 5)
lemut(s)  SWhiasCemut(s) O SZCT(SO_CfZ + S[Cf+CT/A + CT+C0—2Cf] w1
m0f O Gm

The minimum detectable capacitance of the TIA can be deaged

O /nqUrCr
ACpi = . , 2.6
min,TIA wOVbias ZKCf Co ( )

wherewy is the operating frequency.

Although the topologies of a TIA and a charge amplifier are game, their design
philosophies are étierent. In a typical TIA design, the operating frequency $thbe lower
than the first pole, which corresponds to the ascendentr@gieig. 2.3(b). The sensitivity-
bandwidth trade- of a TIA is obvious from (2.5) and (2.6). Increasing the bativby
increasinggs decreases sensitivity. On the other hand, using a chargéfiami sense
the CMUT signals can avoid all the dilemmas mentioned befdilge sensitivity can be
improved by choosing large values\gfi,s andC, and a small value d€;. The bandwidth,

corresponding to the second pole, can be extended by usargex halue of G.

2.2.1 Design Procedure
With given specifications of minimum detectable capacikafC,,,), bandwidth {vz4g),

and SNR, the goal is to optimize the current consumptign feedback capacitanc€x(,

16



and load capacitanc€(). We assume that the known variables include the total capac
itance seen from the floating nod€+( ~ Csensor+ Cw), the bias voltage of the sensing
capacitor Vpias), and the maximum input linear voltage of the transcondwtamplifier
(AVin.max)- We also assume that the maximum output linear range isimaed by the
supply rails but only fiected by the nonlinearity of the OTA.

The design procedure starts from the sensitivity exprassio

_ nhgur GG

AC?. = , 2.7
m 2Kvgias Co ( )

whereAC,, is the minimum detectable capacitance. From (2.7) we cae:hav
Cf < AC:ﬁ"lll"l . 2KVl§ias (28)

C.~ Cr ngUr’
Since only the ratio of; to C_ matters, these two capacitances can be chosen from reason-
able and practical values.
The next step is to determine the current consumption fovengi; /C, ratio. Assum-

ing that an OTA is biased in subthreshold region, the redurerent is estimated as:

2Ur C,C
lp > wags - — -~ (2.9)
K Cs
2nqU3w?
lp > \/s NR _d-r® 2C°CT, (2.10)
K3AVIin,max Gt

The current consumption is usually determined by (2.9).

2.2.2 Setup And Measurement Results

A version of the capacitive sensing circuit is fabricatecaif5um double-poly CMOS
process and is tested with a MEMS microphone sensor. The skdgram is shown in
Fig. 2.5. A tunneling junction and an indirect injectionrtséstor are integrated on chip as
floating-node charge adaptation circuitry. To measure tiagacteristics without any auto-
zeroing scheme, the charge adaptation circuitry is digiatyeshorting the tunneling and

the drain voltages t¥pp supply. The floating-node voltage settles slowly to an eopinim
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Figure 2.5. Setup of capacitive sensing measurement usingapacitive feedback charge amplifier.
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Figure 2.6. (a) The measured output signal and noise spectms. A card type speaker is used as the
1K Hz acoustic signal source and a MEMS microphone is interfaed with the circuit. (b)
Measured output signal and noise spectrums when the circuits interfaced with a linear
2 pFcapacitor.

value and the non-inverting terminal voltage can be adjustethat the output is at the
mid-rail.

The spectrum of a 1kHz 1Vrms output waveform with -37dB tb&imonic distortion
is shown in Fig. 2.6(a). The distortion may come from the oded output stage, the
amplifier dfset, and the nonlinearity of the speaker and the MEMS sensdhe same
plot, we also show the noise spectrum of the capacitive sgresicuit without the MEMS
sensor. The calculated total noise power of the circuitétidio band (i.e. 20Hz to 20kHz
with uniform weighting) is 11V,ns. The SNR of our circuit can be as high as 78.8dB.
The minimum detectable capacitance variance in the audhd i3a28 aF. The capacitance
sensitivity is 02 aF/ VHz and the minimum detectable displacementisT0*A/ VHz.

To get rid of the nonlinearity from the speaker and the MEMBsse, the sensor is
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Figure 2.7. (a) Photograph of a chip wire-bonded to an IVUS anular-ring CMUT array. (b) Photo-
graph of a Petri dish placed on top of a DIP40 package. The ciugt and the transducers are
immersed in a vegetable oil bath during the measurement.

replaced by a 2 pF linear capacitor. A sinusoidal voltagepjsliad directly to the linear

capacitor. When the output signal is 1V peak-to-pedd( dB total harmonic distortion is

measured as shown in Fig. 2.6(b). The even order harmonich@aiue to the fiset of
the OTA instead of the nonlinearity of the transconductarideise spectrum with power
consumptions of AW, 0.23uW, and 013uW are also shown in Fig. 2.6(b). The extracted

total output thermal noise over the entire bandwidth is &B@%uV s, Which is slightly

higher than the estimated value of 3Ad;s.

2.2.3 Pulse-Echo Experiment and Results
A version of the charge amplifier that usepMOS transistor as the charge adaptation
feedback is fabricated. As shown in Fig. 2.7(a), the chiphwlectronics is wire-bonded to
a annular-ring IVUS CMUT array [14]. The size of each elememOum x 70um, giving
rise to a measured capacitance of 2 pF, including the pareapacitance. A Petri dish with
an opening at the bottom is glued on top of the package by edouying measurement,
transducers and the circuit are immersed in a vegetablattil| bs shown in Fig. 2.7(b).

By applying diferent bias voltage to the feedback transistor, the sameitcoan be
configured as a TIA or as a charge amplifier. Because the clefieg# due to the capaci-
tance change is equivalent to that due to the voltage chémgé&equency response of the

circuit can be performed by applying an AC signal at one of @hUT terminals. The
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Figure 2.8. Frequency response of a charge amplifier witpmosfeedback. The input voltage is applied
to one of the CMUT terminals. The gate voltage of the transigir can be biased by dfferent
voltage to configure the receiver amplifier as a charge ampliér or a TIA. As the operat-
ing frequency is below the second pole, the charge amplifiep@roach can generate larger
output magnitude than the TIA approach given the same voltag (or capacitance) variation.
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Figure 2.9. Measured pulse-echo response from a charge anff@r. The acoustic source is transmitted
from one CMUT device biased by 70V with 20Vpp pulse and the regiver element is bias at
50V. Both devices are immersed in oil. The distance of thesa/b elements is about 3mm.
The measured SNR is 16.65dB.

results are shown in Fig. 2.8. As one can see, as long as thatimgerequency is less than

the second pole, a charge amplifier can obtain a larger ootpghitude than the TIA.

The pulse-echo experiment is performed by using one CMUTcdeas a transmitter
and the other element bonded to the circuit as a receivertrhemitting element is stim-
ulated by a 20V-peak pulse. The receiving device is biaseal BV DC voltage and the
feedback capacitance is extracted as 200fF. The distanoed® these two devices is
about 6mm corresponding to a pulse-echo distance from aptarget 3mm away. The

recorded waveform, shown in Fig. 2.9, indicates a centeyuieacy of 3MHz, which is

mainly limited by the amplifier bandwidth. The measured atitpoise floor is 2.5ms
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Table 2.1. Performance Comparison

Lit. [17] [19] [20] [21] [22] [23] This work
Approach | Fig. 2.10(b)| Fig. 2.10(b)| Fig.2.10(e)| Fig. 2.10(d)| Fig. 2.10(h)| Fig. 2.10(f) | Fig. 2.5
Diff. Cap. Yes Yes No No No No No
BW (Hz) 2K 100 15K 10K 10K 10K 20K
Noise floor 112aF 3.75aF 27dBSPL | 4.8uVims 25dBSPL | 30uVims 28aF

Voutmax 0.13Vv - 0.2v 0.51Vv 0.5V 0.2v v
THD -60dB - -20dB -40dB - -50dB -60dB
SNR (dB) 77 - 93 80 95 54 >78
Power 30mw 20mw 150uW 96 W 60uW 24uW 3.3uW

and the measured SNR from the first received acoustic sigri#.65dB. The power con-

sumption of the charge amplifier is only 12%/.

2.2.4 Comparison
One early approach to detecting capacitance change is ®ausi#ed-capacitor (SC) cir-
cuits containing a charge amplifier, as shown in Fig. 2.1Ga)itches reset the charge on
the connecting node. Correlated double sampling (CDS})Edniques are also commonly
used[16] to reduce low-frequency noise and Di&set. Issues like noise-folding, clock
feed-through, and charge sharing need to be taken care p&pptications which require
very high sensitivity, lock-in capacitive sensing is ongle most popular techniques[17—
19], as shown in Fig. 2.10(b). Because of the modulationrsehéhe circuit consumes lots
of power, usually in the milli-watt range, and is very concplied. In either SC or lock-in
approaches, circuits process the entire charge on thengereacitor, instead of only the
portion caused by the minute capacitance change. To cdrecefect of large static capac-
itance, diferential capacitor structures are used; otherwise theubdgymamic range will
be very limited.

For capacitive microphone MEMS sensors, where thigdintial capacitor structures

are not available, traditional approaches usually corthericapacitive current, instead of
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Figure 2.10. Previous approaches to capacitive sensing:)(8witched-capacitor approach. (b) Lock-in
approach. (c) A self-biased JFET source follower as a micrdmne interface circuit. (d)
The current through JFET is sensed and amplified to improve P&R. (e) to (h) Diodes or
linearized OTA are used as a large resistor and the voltage wirectly amplified or bu ffered
and then amplified.
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Figure 2.11..(a)ReticIe on TSMC 0.35um wafer. (b)Layout of anular array CMUT interface electron-

ICS.
the charge, into voltage which will be amplified in the folliog stages. Because of its high
input impedance, a self-biased JFET source follower, assho Fig. 2.10(c), is the most
commonly used interface circuit for electret condenserroplbones (ECMs). However,
JFET is not compatible to CMOS process and the source follbvag poor power supply
rejection ratio (PSRR). In [21], the current through the Th& sensed and amplified to
improve the PSRR as shown in Fig. 2.10(d). Another approasks diodes[20, 22] or a
unity-gain feedback OTA[23] as a large resistor to convertent to voltage. The resulting
voltages can be amplified directly or can befbted and amplified by the next stage, as
shown in Fig. 2.10. These approaches usually have much éessrgonsumption com-
pared with SC and lock-in techniques. However, the lingasiusually poor. In this work,
we can achieve ultra-low power consumption and very largpuiwdynamic range with

high linearity. The comparison results are shown in Takle 2.

2.3 CMOS-FIRST MEMS Integration for CMUTs

Advancements in the processing and integration of MEMS WiOS open doors to
highly integrated sensors with front-end processing. EEgull1(a) shows the reticle sub-

mitted to TSMC B5umfab. Figure??(b) shows an example of a layout for an annular
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array CMUT. The two-chip hybrid approach used until now att@sunwanted parasitics.
CMOS-FIRST MEMS integration for CMUTs provides a good simntwith reduced para-
sitics and a one-chip solution. Electronics for threedent types of CMUTSs with dierent
bandwidths and geomeries are being fabricated on the CM@s (liated in Appendix A).
Each chip has digital controls for the selection dfelient CMUT elements. The core am-
plifiers are a high input swing folded-cascode topology vaithigh-speed output Ifier.
These designs will provide experimental verification of ghhsensitivity CMUT inter-
face along with a good comparison of the traditional trapgdance amplifier approach vs
charge amplifier with capacitive feedback and peudo-MOSifiganode stabilization.

To meet the demands of medical ultrasound imaging using teyisity arrays with
CMUT technology, specialized integrated circuits shoutddcistom designed. Because
the parasitic interconnect capacitance is a significandvfalegrading the SNR, monolithic
integration emerges as a viable option. Silicon-based CMéRable dferent array struc-
tures and are especially suitable for various levels ofteda@s integration. Integrated
electronics reduces cable count, mitigates parasifects and lowers overall cost, and
hence is a key factor for successful implementation of ¢atHeased imaging arrays.

Single-chip or hybrid electronics integration is requifedarrays with small element
size. Hybrid integration of CMUT array and CMOS electrontiicsough flip-chip bond-
ing is demonstrated in [Wygant (2005)].1]. Single-chigegptation of CMOS and CMUT
devices includes interleaved CMOS-MEMS integration, \eh@MUTs are fabricated as
an intermediate step in CMOS process flow [2Eccardt (199%¢nG2008)3], and CMOS
before MEMS approaches, where CMUTs are fabricated on CM&3renics [4, 5].

Here we present CMOS design aspects for CMUT-on-CMOS iategr. We designed
and fabricated 8"wafer using the TSMC 0.35um two-polysitidour-metal CMOS pro-
cess. Each wafer contains many chips of size 2 cm 2cm (reticlgaining many smaller

IC cells (Fig. 1). We optimized integrated cells with sigeeint design #ort to meet the
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Figure 2.12. Reticle layout and microphotograph (left) andTSMC 0.35um 8” wafer (right).

Table 2.2. Typical CMUT Parameters for CMUT on CMOS approach

CMUT PARAMETERS
Dual Ring Array| Annular Array | Linear ICE Array
# of Elements| 32Rx-24Tx 8Rx 64Rx
64Rx-48Tx 16Rx
Operation Freq 15-25MHz 10-50MHz 3-13MHz
Element Area| 70umx70um 10000Quny 17200Qunvy
Remut IMQ 53kQ 31.25kQ
Cemut 145 fF 3 pF 5.1 pF

specifications for three fierent arrays designed for IVUS and ICE applications. The-num
ber of receive and transmit elements, operation bandwiadthcalculated device capaci-
tances of CMUT arrays used in these applications are pregémtTable 1. In this paper
we focus our discussion to one particular integrated cedkfain the design process.

Our previous dual-ring imaging study [6] included a 32 RX -4 element CMUT
array and 4 IC chips surrounding the array, along with a g&ags to help routing. CMUT
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Figure 2.13. CMUT built on CMOS wafer (left) and the receivedpulse echo data (right).

arrays and IC chips were placed on glass interface chip whéshthen placed on a 64 pin
chip carrier for testing. Such configuration requires mbent100 wirebonds for connec-
tions which is quite prone to errors. Hence, CMUT-on-CMOBrapch is a remedy for that
as it eliminates all those wirebonds. We designed and fatadcan IC chip for monolithic
implementation of forward-looking IVUS imaging employiagdual-ring array. A micro-
graph of this IC is shown in Fig. 2.13. The chip has a die-siZ2mm 2 mm. It includes
all the components of the imaging device, such as trangsyitteceivers and control logic.
It was optimized to interface a dual-ring array with 32 rgeeand 24 transmit elements.
The chip includes 4 sets of pulser arrays, each containingi€egs. Those pulser arrays
are connected to 24 CMUT Tx element connections. There aets4o$ receiver arrays.
Each receiver array includes 8 transimpedance amplifiaes 8@ multiplexer and a Iier

to drive cable and pad capacitances. Chip has total of 4lpbhoaitputs having one from
each set of receiver arrays. Digital control block is des@jto synchronize transmit and
receive element operations in the dual-ring array. It idelkian 8 bit counter that generates

control bits for pulser and receiver arrays.

2.3.1 Pulse Echo Results
For initial testing, we performed pulse-echo measuremeittsa CMUT array on an IC

consisting of transimpedance amplifiers, multiplexers laufters to drive 50 and 12 pico
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farad cables. The CMUT test array consists of 5 RX and 6 TX efgmfabricated on

top of this particular cell Fig. 2.13. The electronics shawesdegradation after CMUT
fabrication. With transimpedance gain of 500 kohm and 3-Ndezdwidth, an echo signal
of 28-dB SNR is obtained without any averaging, applying\2bias and an external 10-
Vpp pulse in a 5-mm deep oil bath. Although used CMUT devicageisigned for higher

frequency operation this test is limited by the low TIA bandih that stems from an issue
with the fabricated on-chip resistors. We resolved thisstes problem in the new set of

wafers and expect to demonstrate higher bandwidth oparatio
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CHAPTER 3
ANALOG FRONT-END FOR BIOMIMETIC MICROPHONE

The biomimetic microphone is inspired by the directionalustic sensing capabilities
of a small fly called Ormia ochracea [24]. This fly has an apild locate the mating
singing of crickets in order to lay its eggs on these hostseithe distance between the
ears (1mm apart) of this fly is taken into consideration, thétg of locating sound within
2 degree accuracy is quite challenging. That shows thaflyhis able to detect very small
pressure dferences between the two inlet ports of its ear. The intergyrapmembrane of
this fly is pivoted from the center by a hinge that couples the $ide of the membrane.
This ear structure and the design of a diaphragm model thapsed by this structure can
be seen from Fig. 3.1. The couplinffect of the two side of the diaphragm allows this fly
to locate the sound without any other information [25].

Fabricated biomimetic gradient microphone chip can be sedng. 3.2. One chip
contains two gradient and one omnidirectional microphoapltagms whose measured
directivity patterns are also plotted in Fig. 3.2. The clufabricated using silicon micro-
machining technology. The fiierential diaphragm of this microphone structure is made of
polysilicon and Immx2mm in dimensions. The diaphragm igédhat the center which

allows this structure to do 'teeter-tooter’ type motion. eT@ratings and reflective gold

Grating fingers Risidiustd

Substrate beneath cantilever
/ cantilever

N

Rigid coupling hinge
Etch cavity

@) (b)

Figure 3.1. (a)Ormia ochracea’s ear. (b)Design of biomimét gradient microphone.
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3.1 Diffraction Based Optical Detection Method

29

backplates are located on each side of the membrane whimhsalls to use diraction

based optical detection method with these microphonetsies[26].

The basic operating principle of theflitaction based optical displacement detection scheme
is shown in Fig. 3.3(a). In this configuration, the top eled# is the microphone diaphragm
which serves as a backplate and the bottom electrode is filmaation grating fabricated

on the silicon substrate. Both these electrodes are alaltyrconductive and optically re-
flective. The silicon substrate is etched from the backsidiaat there is an optical path to
reach the reflective ffraction grating. In this configuration theftaction grating is fixed

to the substrate and the microphone diaphragm is movingtivghncoming sound wave.



However, moving grating with fixed reflective backplate iscahn acceptable design. The
overall system forms a phase sensitivéfrdction grating [27]. A coherent light source
illuminates on the back side of the microphone diaphragmutin the difraction fingers.
Some of the light is reflected from thefidtaction gratings and some reflected from the mi-
crophone diaphragm. The reflected light beam returns ascaazder and the diracted
beam causes higher orders. These orders whose intenséiesoglulated by the move-
ment of the diaphragm by the sound pressure are captureddiggetectors. Using scalar
diffraction theory, the beam intensity of the zero and firfraltion orders can be calcu-
lated. These first and zero order intensities vs. the gaphhean be seen from Fig. 3.3(b)
for 650nm optical wavelength. It is clear from this figuretthdoen the gap thickness is a
multiple of 1/2, the zero order intensity is a maximum and thi&dction grating acts as a
mirror. When the gap thickness is an odd multiplelp4, the first order intensity becomes
a maximum. To get the highest sensitivity of thédicted orders, the gap height should
be an odd multiple oft/8 where the slope of the intensity curve is a maximum. At this
maximum sensitivity point, which is the inflection pointjgtcurve is linear. Any factor
that causes the shift of the operating point from the maxinsensitivity point results in
nonlinearity

There are many tlierent advantages of this optical detection method whenirttés
grated with a microphone. In this method, sensitivity doesdepend on acoustic fre-
guency, the device capacitance or the device size. Becétise fact that the same sensi-
tivity can be achieved with large membrane and grating destathe gap can be fabricated
large enough to reduce the squeeze film dampfieceof the air in the gap. Also, dif-
ferent and novel backplate designs are possible to implesiece the capacitance of the
device is not too critical. The laser intensity noise candziced by using the filerential
detection (first and zero order). With theffédrential detection, shot noise limits can be
achieved ideally [28]. Integration can be made easier agtfabrication of photodetectors

with the integrated amplifiers on a silicon wafer that canrtegrated with the microphone
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Figure 3.3. (a)Operating principle of the diffraction based optical displacement detection scheme.
(b)First and zero order intensities vs. gap thickness curve

structure. This method also makes the array applicatione feasible. The last important

advantage of this method is that the electrical port of theophone is left open. With this

port, electrostatic actuation is possible which can be tmetdining the membrane position

to get highest sensitivity, tuning the dynamic responséeficrophone and applying the

force feedback operation to alter the device dynamics irsael® manner.

3.2 Integration of Optical Displacement Detection and Chdénges

The highly sensitive optical displacement detection mashionplemented in a small vol-
ume and with reduced power consumption have the potent@rgpete with commonly
used capacitance-based methods in micromechanical sgysgems. The traditional ca-
pacitive acoustic sensors do not scale down favorably. Herowvords, reducing the mem-
brane size decreases the ratio of the active capacitanie patasitic capacitance, thereby
requiring a gain in mechanical compliance, which in turnesstates the use of very thin,
low-stress membranes, that aréidult to reproduce in a repeatable manner. Reducing the
membrane gap to increase the active capacitance can iadteastifness of the trapped

air and reduce the electrical sensitivity by limiting thetsinable electric field. To address
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Figure 3.4. System level block diagram for the Optical MEMS fearing aid.

these problems, optical techniques are used wiihadition gratings as a method to mea-
sure displacement from acoustic pressure in microphonkis hlybrid integrated system
can be implemented in acoustic-sensor applications usitigdontinuous wave and pulse
VCSEL to show reduced power consumption.

Optical methods have advantages in small displacemenngeagplications primarily
because the sensitivity is independent of device capaata@ptical fiber based sensors
have been commonly used for optical detection, but integratf optical fibers with micro-
machined structures in small volume is quite challengimgl these sensing methods are
susceptible to external mechanical noise sources. Rggdititaction based methods have
emerged for compact integration of optical interferontetniethods with micromachined
structures. Furthermore, VCSELSs enables further integraiossibilities due to various
favorable properties, such as the small chip dimensiomiqultine light emission, and low

power consumption [2].

3.3 Optical MEMS Microphone Receiver Architecture

Fig. 3.4 shows the receiver system level electronics iaterfor the Optical MEMS hearing
aid sensor. A VCSEL is used to generate the incident optidakmon to the MEMS sensor.

The duty cycle of the VCSEL is minimized to keep the power damrthe transmit end.
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A simple CMOS switch is used to pulse VCSEL current, whicmsuthe VCSEL on and
off with 200kHz input carrier pulse. This incident pulse is miaded with the acoustic
pressure in the audio band.

On the receive end of the modulated light, a photodiode id aseng with a passive
on-chip resistor to do front-end detection. The signal & fiteaned with a bandpass filter
centered at 200kHz to remove low frequency content along witdesirable / noise.
Then the signal is feed into a demodulator to extract ouradighinterest in the 20kHz
audio band. Finally, the signal is further cleaned with a p@asgs filter at 20KHz to remove

ripples and high frequency contents.

3.4 VCSEL Driver in Standard CMOS

Power consumption is one of the major design constraintthfEsmicrophone. The elec-
tronics are designed in weak inversion to consume minimuments with audio frequency
bandwidth requirements. The whole receive chain for théicoaus time case, can operate
for less than 50uA of current from 1.5V battery supply. TleaJdes us with the power drain
at the transmitter side. VCSEL is the most power hungry blodke whole system. One
of the main push to use pulsed approach is to cut down averagent levels in VCSEL.
The reduction in the duty cycle of the pulse can even redueaterage easily less that
1mA.

Typically, VCSELs operate at few milli-amperes of thregholurrent. This current
is required for lasing. Typically, there are two approacties we can take for biasing
the VCSEL. First is threshold-biased VCSEL, and the secsmz@iio-biased VCSEL. The
first case is the common approach to achieve above Gbps desawih out introducing
VCSEL turn-on delay. The second approach is viable for usexane operating at much

lower speed where VCSEL turn-on delay is not an issue.

33



13}{;§?5 33y Threshold biasing
_E 5!0;:':"5 —

—Do—Do—Dv—Do—l 50/0.35 50/0.35 |—o 10/1 I——l 10/1
= ]7 v v :L

Driver with inverters MOS only driver

Figure 3.5. VCSEL driver schematic.

3.4.1 VCSEL Driver Design
As we are limited with the current consumption, we do not ithedbudget for bias current
through the VCSEL. We use a simple MOS switch to turn the VC®ELand d¢. This
enable zero-biased VCSEL operation. This is shown in Fig.. $he MOS transistor is
operated as a switch and it simply pulls the n-terminal of IESEL to ground when it
is on. The MOS is designed to have a minimum resistance whiaadwn. This gives us
minimum drop across the MOS and provides VDD across the VCISEI(ts operation.
Figure 3.6 shows the chip micrograph and the driver layohis @iesign has the option
for both zero-biased and threshold bias operation. Twiem@int approaches for driver
switch have been integrated as well. Firstis the simple M@igh. The second is a switch
with inverters to be able to drive big capacitive load of tre@mrhigh driver transistors. The
main MOS switches are designed for high transconductandespeed. They are able
to easily drive milliamperes of current. The biasing tratwis are relatively smaller in
dimension to minimize capacitive loading. The whole dritakes 37um x 25um of area.
The usual size of the design chips with complete transcésvier the range of 3000um x

1500um.
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Figure 3.7. VCSEL driver measurement setup.

3.4.2 VCSEL Driver Measurements

Figure 3.7 shows the setup used to measure VCSEL driver. T®EV is mounted with
conductive epoxy onto the CMOS driver chip. Signal genernatased to generate pulses
for the driver. A commercial photodiode amplifier is usedéase the laser with an oscil-
loscope.

Table 3.1 shows the detailed specification of the VCSEL ardcctmmercial photodi-
ode amplifier used. One important thing to note here is thestiold voltage and current
levels. The divergence angle for the current model of VCS&low for the overall op-
tical grating microphone design. We can also try a VCSEL witiher divergence angle
like ULM 850nm with 1.5V threshold voltage and 0.8mA curremhis can provide more

power saving for the transmitter and hence hearing aid.
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Table 3.1. Specifications for Lasermate VCSEL (VCC-85A1G$)

Min. optical power [mW] 2
Forward voltage [V] 3
Threshold current [mA] 3
Wavelength [nm] 850
Divergence [degrees] 8
Size [um?] 270x 270

Table 3.2. Specifications for Photodiode Amplifier (ThorlabPDA36A)

Detector type Si PIN
PIN Responsivity @ 850nm [AV] 0.5
Gain [dB] 0-70
Bandwidth [MHz] 0.0125-17

Table 3.3. VCSEL current consumption with varying duty cycle

50% | 3.5mA
40% | 2.8mA
30% | 2.1mA
20% | 1.4mA

Table 3.2 shows the specifications of the commercial photdamplifier used for
measurements. Note that the bandwidth is maximum for thdi@npvith minimal gain
settings. Also, along with the optical light loss due to tle¢up, there is also about 50

percent loss from the photodiode from its responsivity & B wavelength.

3.4.3 Experimental Data and Discussion

We record pulse data for each type of driver for 200 kHz and 2zMAMso, each driver is
pulsed with threshold bias and zero bias conditions. Reduitie duty cycle also reduces
the average current burnt by the VCSEL. The current measmestor various duty cycles

are shown in table 3.3.
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The pulses in time domain are shown in figure 3.8 to 3.11. T$etime for all the
cases is 20ns, which corresponds to 17MHz bandwidth. Noe theatt the commercial
amplifier we are using has a bandwidth of 17MHz. So we aredichih our measurement
for the VCSEL driver speed from our detector. But still we & requirement of going
upto 2MHz pulse rate for sigma-delta approach. Anothergtinnote is the dference
between zero biased and threshold biased measurementsviloote that the only dif-
ference is levels of currents. There is no delay introduoeafir measurement speeds of
2MHz. Also for the case of threshold biased pulse, we injeatant into the VCSEL using
the current mirror; as the size of the bias transistor is kntdlas large drain to source
voltage to operate. Putting this in parallel with the drigantch does not enable to the
switch to completely turn on. This is evident from the redubah level current pulse. We
observed a delay of 40ns in all the cases of VCSEL pulse. ikédtyl coming from the
commercial amplifier. The amplifier also has ringing issuewea put a pulse with 5ns rise
time using the signal generator. In the case of 200kHz pthgeamplifier is able to settle
after ringing; but for 2MHz, the amplifier at duty cycle of 1@rpent and lower, does not

reach its final high state values.

3.5 CMOS PN Junction Photodiode

The photodetector is an essential element in any practptadad communication system.
It converts the incoming optical power into a modulated teieal current that is subse-
guently amplified and further processed. A good detectothaseet various criteria, of
which a good #iciency at the operating optical wavelength and high speedhs most
important for telecom applications. The basic detectiarcess in semiconductor photo-
diodes involves the photogeneration of electron-holespaia region of high electric field
strength.

Inherent limitations of photodiode response are due taitra and specific junction
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Figure 3.8. Output pulses with MOSFET only VCSEL driver at 200kHz.
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Figure 3.9. Output pulses with inverter VCSEL driver at 200kHz.
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Table 3.4. Photodiode Parameters and Measurement Results

PHOTODIODE PARAMETERS

N-Psub| Nwell-P | Nwell-Psub
Cross-talk [nA] 32.13 0.65 0.69
Dark Current [pA] 17.21 | 28.35 22.08
Responsitivity [AW] 0.3782| 0.3783 0.3906
Capacitance @ -2.5V [pF] 28 17 5

design, the presence of an externally applied bias, and #évelength of incoming radia-

tion. The inherent time constant of a photodiode causesay debenerated photo current.
For silicon photodiodes, this time constant is typicallyo71l6 ns. The P-N junction of a

photodiode does not present an infinite resistance to rewensent flow. Consequently,

when a reverse bias is applied to a photodiode, a small dutogrs even in the absence of
incident light, as seen in the I-V curve Fig. 3.14. This dankrent increases slowly with

increasing reverse bias. A large dark current is unde@rsipice it may represent a sig-
nificant background above which the actual photocurrentaasured. Furthermore, shot
noise associated with the dark current may be significant.

The responsitivity data is shown in Table 3.4. It is cleart tdevell-Psub photodiode
gives the best result in terms of responsitivity and freqyarsponse. The dark current is
in the range of 20 to 30 pA. This is very reasonable as comparéte big size of these
photodiodes (180um x 180um). Cross talk of leakage curmgassalso characterized for
these chips. It varies from 0.6 to 30nA. This can be furthgsrimmed by isolating the pad
frame from photodiodes. This will ground any leakage cus¢hat can leak into the pad
frame.

In Psub-Nr CMOS diode, the anode is the p-substrate and the cathode ins- thiffu-
sion. The junction depth of thewdiffusion is approximately 0.25um in 0.50um process.

The n+ diffusion has a much larger doping concentration than the pystdand it is well
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Figure 3.12. (a)Psub-N- Photodiode. (b)Psub-Nwell Photodiode. (c)Nwell# Photodiode.

known that most of the depletion width will extend into theybstrate. The p- substrate
contact is located within a flusion length of the sdiffusion contact. For Psub-Nwell pho-
todidoe, the anode is also the p-substrate but the cathodsvishe nwell. The nwell junc-
tion depth is approximately 4.0um. The nwell has a slighahgér doping concentration
than the p-substrate, therefore, more of the depletiorhwidlt extend into the p-substrate.
The p-substrate contact is located within &whbion length of the nwell contact. The third
type of photodiode is Nwell-P which allows for substrate isolated optical detectors. The
photodiode’s anode is theriffusion and the cathode is the nwell. The junction depth of
the p+ diffusion is approximately 0.25um. The nwell depth is on the 0odd.0um. The

p+ diffusion has a much larger doping concentration than the nthellefore, most of the
depletion width will extend into the nwell. The nwell contés located within a dfusion
length of the p- diffusion contact.

A photodiode’s first order electrical equivalent is a cutrepurce in parallel with its
junction capacitance Fig. 3.13. We can model this by its €havequivalent. The current
source is replaced by a low impedance signal source in sgitles large resistance. This
is then loaded with a capacitor representing the diode’stion capacitance. The input
current is easily obtained by dividing the applied voltageh® resistor value.

The major disadvantage of integrated diodes in standard EM@hat this technology
is not optimized for optical devices. Their relatively sindépletion widths result in a

lower dficiency and speed than those of commercial diodes. This roglsompensated
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CV measurement for CMOS Photodiodes in 0.50um AMI process
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Figure 3.13. CV measurement plot for photodiodes in 0.5um AMCMOS process.

by slightly modifying the technology, but the resultingsaiin cost would probably be
unacceptable for large integrated systems.

The limited performance of a photodiode in a standard teldgyas partly redressed
by some important advantages. The integration of such aogdhomte on the same chip
as the receiver results in a low-cost system with an enhayieddi thanks to the reduced
external components count. Furthermore, an integratetbgloale reduces the total input
capacitance by eliminating the parasitics due to the dsopatkage, the PCB wiring, the
IC-package and some bondpads.

This gives the opportunity to increase the transimpedaacelwidth product for free.
The integration of the photodiode is also advantageousherstability of the receiver
with TIA, as its input capacitance, which determines the whamt pole, is well-defined
and fixed. Another major advantage of an integrated phottedi® the reduction of noise

coupling into the input node thanks to the removal of the bares, the package pins and
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IV measurement for CMOS Photodiodes in 0.50um AMI process
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Figure 3.14. IV measurement plot for photodiodes in 0.5um AMICMOS process.
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Figure 3.15. (a) Setup for photodiode responsivity measureents. (b) 0.50um AMI photodiode Chip
microphotograph (1500um x 1500um).

the PCB paths connected to the node, which otherwise picloupas signals from the

environment.
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3.6 On-chip CMOS Filter

The design of analog filters can be performed with severanigces, such as RC-active,
MOSFET-C, OTA-C and SC techniques. The RC-active technigjtlee most basic imple-
mentation technique of filters: The integrator structuneststs of a passive resistor, usually
polysilicon resistance of a high ohmic resistance, in coration with an opamp with the
feedback capacitance. Because the only active compon#rg ispamp, low-voltage fil-
ter designs based on this technique are mainly concentositélde design of low-voltage
opamps. The design of low-voltage CMOS opamps can be pegtbimstandard CMOS
technologies even down to 1.5V [10]. The only extra requeahtompared to OTA-C or
SC techniques is that the opamp should be able to driveikesletids. This last fact is,
however, also the drawback of this type of filter, especidllyot only low voltage is re-
quired but also low power drain. The power drain of the angtfiand the filter is related
to the resistor values in the integrator. However, largestasvalues in standard CMOS
technologies would result in unacceptable chip areas, arildgher power drains are the
result. A second problem with active with active-RC filtesghe inaccuracy of the inte-
grator time constant. This is because the time constankaterkto the RC product, which
depends on the absolute value of the polysilicon sheetaesis and the absolute value of
the capacitance. However, those absolute values are nataaéecn CMOS technologies.
The result is that the cufiofrequency of these filters has only an accuracy of less thés 50
In MOSFET-C filters the resistor of the active-RC structweaplaced by a MOSFET
in its linear region. The advantage is that by controlling ¢fate voltage, the equivalent R
value can now be tuned. Hence the main drawback of active{®@fcan be overcome by
integrating an automatic tuning technique on chip [30]. Teen drawback of using the
MOSFET is that the transistor is a nonlinear component. T$teidion can be improved by
using fully differential structure. However, this requires not only opambpgh can drive
resistive loads but also fully flerential opamps with a common-mode feedback system.

The distortion specification is a function of the gate vadtagth respect to the DC input
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Figure 3.16. (a)Band pass filter topology for independent adrols on high and low corners. (b)AC
response of the band pass filter(simulated).
voltage and bulk voltage. In order to achieve very good disto levels of -60dB and
better, with big input peak-to-peak signals, high voltage/@r supplies are required [10].
SC technique is another approach. Usually the operatioregtiency is low and the
structure requires external clocks signals for switch{@g the other hand, the last approach
for filtering i.e. GM-C or OTA-C approach can operate at higfrequencies with out
the need of external clock signals. This approach is quitengon for continuous time
filters. Here we will discuss an approach of filtering thataséd on capacitively coupled
current conveyor circuit. This technique has the potepfidlaving independent control on

frequency corners and hence extra flexibility for filter ptgping.

3.6.1 Band Pass CMOS Filter
Fig. 3.16(a) shows the topology used for band pass filter. [2gjves independent control
on low and high corners of the filter. Tli&mblocks used here operate in moderate inver-

sion and hence maximize the curreffi@ency. The corners and the mid band gain is given

by
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f|_o = —nb fHI —rnl, Gain= ——1, (31)

" CrCo-C2 C,

whereCr;=C;+C, andC,=C,+Cj,aq. The AC response of this band pass filter is shown
in Fig. 3.16(b)

This filter can be implemented with only two transistors asvahnin Fig. 3.17. This
band pass filter is also called Capacitively Coupled Cui@amveyor(C4). The C4s corner
frequencies are electronically tunable and can be set emdkmtly of one another. The

frequency response of the C4 is governed by

VLUI _ _& S'['I(:I-_S'['f) (3 2)
Vi Co Syt + s(m + 71 (2 - 1)) + 1 .
where the time constants are given by
C,U C,U CrCo—C,2 U
7 = 2 T’ T = 2 T’ Th = T~0 2 T (33)
kly klh C, Klzn

and where the total capacitan€s; , and the output capacitancg,, are defined a€+
=C; +C; + CyandC, = C;, + C,.. The currentd,; andl,, are the currents through M2 and
M3, respectively in Fig. 3.17. With normal usage s very small, and the zero it produces
lies far outside of the operating range.

The C4 has the properties of a bandpass filter with first-osttgyes and a bandpass
gain set by the ratio of the two coupling capacitorfas: —%. The overall time constant

of the filter, which gives the center frequency, is

= am (3.4)

TransistordM; and M4 can operate in weak, moderate, or strong inversion depgndin

on the desired frequency response. As can be seen from the ehjaations, the corner
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Figure 3.17. Schematic of the capacitively coupled currerdonveyor (C4).

frequency and the quality factor depend on the transcoadues and, therefore, the DC
bias current. Thus, the filter element can be easily finedafter fabrication to the desired

corner frequencies and Qs by tuning the andgny.

By tuning the filter such that, > 7|, resonance occurs, and the quality factor, Q, is

Th l
- [T 3.5
Q r|1+,'7f'h KC—C°2—1) (3:5)

From the simplified circuit we can estimate the noise and theasto-noise ratio

(SNR) for this C4 amplifier. The output thermal-noise vo#iagtegrated over the entire

bandwidth of interest (set by,) is computed as

I, . Cr
Vioise = 1 [q(—
noise q( grn4) C0C2

(3.6)

where o= 1.6x 1071°C, andl, is the bias current flowing throug¥,. For the wideband

case for the complete C4, the noise is divided by a term thgpisally close to unity and is
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Figure 3.18. AC measurement of band pass filter.

given by 1+ gm(Co/C, — 1)/k(gmas). For subthreshold-current levels, the noise takes on the
form of KT/C noise where theffective capacitance i&,(C,/C+). The output-referred lin-
ear range is given by C+ /(xC,) (subthreshold operation) aMd,Cr /C, (above-threshold
operation), assumingrCo >> Cg and thatVo, = «(Vy — V1) — Vs is the overdrive voltage

at the bias condition. The linearity is set by choosing th&rdd capacitor value faCy,
which results from the capacitive attenuation at the inpustortion for a diferential sys-
tem is less than -40dB at all points (third harmonic limitedgr all frequencies (largest at

one-third the center frequency). The resulting SNR for énigplifier is

CT CO

c 3.7)

1 1,
SNR= 10log,—(—
910q(gm4)

The SNR is directly increased by the producGsftC, divided byC,, resulting in signif-
icantly smaller capacitor sizes for a given SNR than can hesaed by using other Gm-C
techniques. When designing a C4, thieribise corner frequency should be determined for
the given biasing conditions; if theflcorner is not in the passband, the tieeet of If
noise can be neglected.

The AC measurements are shown in Fig. 3.18. The filter is oethi 200kHz to have
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Figure 3.19. (a)Low pass filter topology for audio band. (b)& response of low pass filter for audio
band(simulated).
enough suppression of low frequency noise. The filter ha8238d decade response for

both high and low corners. This filter consumes 17uA of curren

3.6.2 Low Pass CMOS Filter
Fig. 3.19(a) shows the schematic of low pass filter topolaggdu It is a simple cascade of
two follower-capacitor structures based on subthreshaderamplifier, consuming only
few micro-amps of current each. Fig. 3.19(b) shows the satiman AC response with a
-3dB cut df close to 20kHz, which is our desired corner for removing wnmee high
frequency signals. The corner can be easily tuned @itliC ratio.

The AC measurements are shown in Fig. 3.20. The filter is cosret 20kHz to have
enough suppression of high frequency signals. The filteRBdB per decade response and

consumes less than 1uA of current.

3.7 AM Demodulators

The audio band signal is basically base band signal. Thedssigmal occupies the ba-
sic lowest frequencies from 2z to 20kHz In most of the communication systems, the
desired signal is moved higher in frequencies for trangonsever the communication

medium as shown in Fig. 3.22.We make use of amplitude maddultd shift our frequency
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Figure 3.20. AC measurement of low pass filter.

A

Baseband signal

/

Frequency

Figure 3.21. A baseband signal is shifted to higher frequencwith frequency shifting.

of interest to higher frequencies. Amplitude modulatiol{)’can be examined both in time
and frequency domain. Modulation is the process where abkamplitude, frequency, or
phase is changed in order to transmit intelligence. In AM uaiation, The carrier fre-
guency’s amplitude changes in accordance with the moduiatiee signal, while the car-
rier's frequency does not change. The characteristicseofdirier wave are instantaneously
varied by another "modulating” waveform. When carrier camelol with the signal of in-

terest, the resultant AM signal consists of the carrierdesgy, plus UPPER and LOWER
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Figure 3.22. Spectrum of AM carrier: Upper sideband is the frequency shifted replica of the base-
band signal, while lower sideband is the mirror version. Thecarrier also appears in the
spectrum.

—e-  Frequency
s

2xB Hz

Envelope

Figure 3.23. The baseband waveform is multiplied by the calier wave. The envelope has the shape of
the baseband signal.

sidebands. This is known as Double Sideband - Amplitude Né&daun(DSB-AM), or more
commonly referred to as plain AM as shown in Fig. 3.22.

AM is a multiplicative process where the carrier is muligaliwith the baseband signal.
This results in the peaks of the carrier to take the shapeedfdiseband signal as shown in
Fig. 3.23. These peaks are called the envelope. ffaeten the frequency domain is to shift
the baseband signal to a range above the frequency of therc#rthe baseband signal has
a maximum frequency d Hz, the amplitude modulated carrier contains frequencias fro
B Hzbelow the carrier frequency t® Hzabove the carrier frequency. Thus the bandwidth
of the amplitude modulated carrier ISR Hz

The process for demodulating a double sideband signal asively straightforward
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Figure 3.24. Diferent approaches for Am-demodulation. (a)Track and hold wihout front end band-
pass filter.(b) Track and hold with front end bandpass filter. (c)Peak detector without front
end bandpass filter. (d)Peak detector with front end bandpasfilter.
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Figure 3.25. (a) Synchronous Detector for AM modulated sigal. (b) The clock signal used for demod-
ulation with reduced duty cycle.

because the shape of the baseband signal is contained imubl@e of the modulated

carrier. The negative portion of the waveform of the modadatarrier is discarded.

3.7.1 Synchronous Detector
Fig. 3.25(a) shows the simple schematic for the synchrodetextor [31]. The clock signal

used to generate the input AM modulated signal is also usetefmodulation. Fig. 3.25(b)
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Figure 3.26. Synchronous detector output for AM modulated mput pulse.

shows the clock needed for proper detection with reduceg crdle. When the clock is
high, the detector charges the capadiiggig. Otherwise on low clock, the detector simply
tracks the input voltage level that was read on the capadiderms of functionality, this
is a track and hold circuit. Combined with the input modula#eM signals, the system
behaves as a chopper and reduces the low frequency flickee.n&ig. 3.26 shows the
response of the synchronous detector.

There are mainly two approaches we take in track and holaveraachitecture. Namely
it is with and without the bandpass filter in the receiver oh&Ve will look at the measure-

ment data from each type of receiver and will compare it foRSbr given power.

3.7.2 Track and Hold without Bandpass

This approach is shown in Fig. 3.27. Notice that essentiallymain receiver architecture
is kept same with track and hold based approach. The ofilgrence is the absence of
bandpass filter after current to voltage conversion stageedront end of the receiver.
There are tradets in this approach. The initial intent of using a bandpaserfis the

filtering of low frequency noise. Essentially we want to havkighpass filter at the front
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Figure 3.27. Track and hold receiver without bandpass filter

end. The corner of the filter should be set lower than the exafrequency of the input
modulator. In our case, the frequency is selected at 200kFze has to be taken when
making frequency selection for the modulator. As the apyikn is for low power device,
the frequency cannot be too high. Having a high carrier feegy translates directly to
power consumption. The other concerns is bring in high feegy signals into the receiver
specially for track and hold topology. The high frequen@cklused can also easily disturb
the rest of the receiver blocks by coupling signals into thekpge leads, wirebonds and
also the traces on-chip.

There is one concern with not using a bandpass filter. It iddwefrequency noise.
There could be a lot of flierent sources of low frequency noise coming into the receive
The VCSEL has relative intensity noise. There is also fliakepink noise. The / noise
corner is in kHz range. As the audio band for microphone isfi20-20kHz, care is
taken in designing low flicker noise electronics. Amplifiargh PMOS diferential pairs
is preferred as it introduces less noise compared to itstequart with NMOS diferential
pairs. The second concern is the control on the signal ddslevEhe bandpass has a
reference voltage node that is used to optimize the dc lewdsv without the bandpass
filter, the front end dc levels right after the current to agk conversion at photodiode and
resistor node are dependent on the optical light input tgptiteodiode. As the light levels

go up, the node voltage drops from the VDD level. Initiallgté is only dark current in the
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Figure 3.28. Track and hold receiver noise without bandpasélter at various input duty cycles: (a)50%
duty cycle noise spectrum. (b)50% duty cycle with 1kHz audicssignal spectrum. (c)40%
duty cycle noise spectrum. (d)50% duty cycle with 1kHz audisignal spectrum. (€)30%
duty cycle noise spectrum. (f)30% duty cycle with 1kHz audicsignal spectrum. (g)20%
duty cycle noise spectrum. (h)20% duty cycle with 1kHz audissignal spectrum.
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Figure 3.29. Track and hold receiver A-weighted noise withat bandpass filter at various input duty
cycles: (a)50% duty cycle noise spectrum. (b)50% duty cyclevith 1kHz audio signal
spectrum. (c)40% duty cycle noise spectrum. (d)50% duty cye with 1kHz audio signal
spectrum. (e)30% duty cycle noise spectrum. (f)30% duty cyte with 1kHz audio signal
spectrum. (g)20% duty cycle noise spectrum. (h)20% duty cyle with 1kHz audio signal
spectrum.
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photodiode. Then as the current level increases, thereiiscegased voltage drop across
the front end resistor. Now notice that the dc level at thaetfend conversion can change
with the optical input. This could have an adverg&ieet on the dynamic range and hence
the linearity of the overall receiver. The noise data is shawfig. 3.28. We make use of
A-weighting filter for microphone application. The noisetlwA-weighting filter is shown
in Fig. 3.29. The A-weighting filter has a bandpass type sh#ipe mainly based on the
human ear perception forfterent frequencies. Most of the emphases is on the low kHz
frequency range. This is the range where most of the speaexhcThe total integrated
noise in the audio band is about -60dBVrms without the use-afedght. The noise level
drops to about -80dBVrms after A-weighting. The change mitiput duty cycle has a
little effect on reducing the noise level in measurements. As the @madkhold switch is
turned on for a shorter and shorter interval of time, this msethat the back end of the
receiver is exposed to shorter intervals of noisy inputaigihe THD is not dependent
on the input duty cycle. The changing duty cycle changes tHewl of the receiver. The
signal goes from more optimized dc level to a non-linear eang

The time domain behavior is shown in Fig. 3.30. We perform & & the time domain
signal to see how the received signal appears on the fregspectrum. After detection,
there is still 200kHz carrier is present in the spectrum. e an-chip CMOS filter does
not have enough suppression, we process the data with driRi@ezind order butterworth
filter. This places a corner at 20kHz and hence with 20dB peadie suppression, the

200kHz signal is further minimized.

3.7.3 Track and Hold with Bandpass

This approach is shown in Fig. 3.31. Notice that essentialymain receiver architecture
is kept same with track and hold based approach. The ofilgreince is the presence of
bandpass filter after current to voltage conversion stalge frdnt end of the receiver. There
are tradefis in this approach. The initial intent of using a bandpassrfit the filtering of

low frequency noise. Essentially we want to have a highpé#ss &t the front end. The
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Figure 3.30. Track and hold receiver output without bandpas filter.(a) Output from the detector.(b)
FFT of the output from detector. (c) Output after lowpass filter.(d) FFT of the output after
lowpass filter.
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Figure 3.31. Track and hold receiver with bandpass filter.

corner of the filter should be set lower than the carrier fezapy of the input modulator.

The much of the receiver remains the same. The frequencyeisted at 200kHz. Care is

taken when making frequency selection for the modulator.
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Figure 3.32. Track and hold receiver noise with bandpass fiéir at various input duty cycles: (a)50%
duty cycle noise spectrum. (b)50% duty cycle with 1kHz audicssignal spectrum. (c)40%
duty cycle noise spectrum. (d)50% duty cycle with 1kHz audisignal spectrum. (€)30%
duty cycle noise spectrum. (f)30% duty cycle with 1kHz audicsignal spectrum. (g)20%

duty cycle noise spectrum. (h)20% duty cycle with 1kHz audissignal spectrum.
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Figure 3.33. Track and hold receiver A-weighted noise with ndpass filter at various input duty cycles:
(2)50% duty cycle noise spectrum. (b)50% duty cycle with 1kH audio signal spectrum.
(c)40% duty cycle noise spectrum. (d)50% duty cycle with 1kH audio signal spectrum.
(e)30% duty cycle noise spectrum. (f)30% duty cycle with 1kk audio signal spectrum.
(9)20% duty cycle noise spectrum. (h)20% duty cycle with 1kk2 audio signal spectrum.
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Figure 3.34. Track and hold receiver output with bandpass filer.(a) Output from the detector.(b) FFT
of the output from detector. (c) Output after lowpass filter.(d) FFT of the output after
lowpass filter.

The bandpass filter filters any low frequency noise presetiteafront end of the re-
ceiver. The VCSEL introduces noise, along with the shoteniem photodiode and the
resistor noise. The bandpass has the benefit of providingdaht&ol on dc levels after
the front end conversion. The second concern is the controhe signal dc levels. The
bandpass has a reference voltage node that is used to aptimeizic levels. Now notice
that the dc level at the front end conversion can change Wéloptical input. This could
have an adversdiect on the dynamic range and hence the linearity of the dvecdiver.
The dc control on the bandpass reduces this advdfsete The noise data is shown in
Fig. 3.32. We make use of A-weighting filter for microphonglkgation. The noise with
A-weighting filter is shown in Fig. 3.33.

The total integrated noise in the audio band is about -70d®without the use of
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A-weight. The noise level drops to about -75dBVrms after @igiting. The change in
the input duty cycle has a littlefect on reducing the noise level in measurements. As the
track and hold switch is turned on for a shorter and shorterval of time, this means that
the back end of the receiver is exposed to shorter intervalsisy input signal. The THD
is not dependent on the input duty cycle. The changing dutieashanges the dc level of
the receiver. The signal goes from more optimized dc level ton-linear range. In this
case the front end bandpass filter has nonlinearity comorg the change in the input dc
levels. With the introduction of bandpass, the front endtshithe dc levels pushes the
input signal to a more nonlinear input range of the bandpatsstive changing input duty
cycle. The nonlinearity is also introduced from the outpuffdr. In case of PMOS Hiter,
the ICMR is from 200mV to 800mV. Anyshift of DC close the edge#i have dfect on
the THD.

The time domain behavior is shown in Fig. 3.34. We perform @ &fthe time domain
signal to see how the received signal appears on the fregspectrum. After detection,
there is still 200kHz carrier is present in the spectrum. e an-chip CMOS filter does
not have enough suppression, we process the data with driRi@ezind order butterworth
filter. This places a corner at 20kHz and hence with 20dB peadie suppression, the

200kHz signal is further minimized.

3.7.4 Envelope Detector

The demodulation of an AM signal using envelope detectoighliz effective and is widely
used in almost all commercial AM radio receivers. In an eopeldetector, the output of
the detector follows the envelope of the modulated signaé dircuits shown in Fig. 3.35
functions as an envelope detector [32]. On the positiveecgtthe input signal, the MOS
transistor just like a diode, conducts, and the capaCitefqe charges up to the peak volt-
age of the input signal. As the input signal falls below theslp value, the MOS transistor,
just like a diode, cutsfb. This occurs because the capacitor voltage which is venythea

peak voltage, is greater than the input signal voltage, asidtrcauses the diode connection
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Figure 3.35. (a) Envelope Detector for AM modulated signal wh simple MOS transistor. (b) Envelope
detector for AM modulated signal with MOS transistor with in put amplifier.
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Figure 3.36. Peak detector output for AM modulated input pulke.

to open. The capacitor now discharge throughltfig.argecurrent source. Thus the output
voltage closely follows the envelope of the input signalj.3.36 shows the output of the
peak detector along with the input AM pulse. Note that theiteatdof amplifier in this
topology removes th¥y drop of the MOS transistor.

However, certain conditions must be met in order for the aeteto work. The dis-
charge frequency should be smaller than the sampling frexyuef the pulse. It should

also be greater than the frequency of interest in the AM natdddlsignal. The AM signal
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must be narrow-band, meaning that the carrier frequencsrige compared to the message
bandwidth. Moreover, the percentage modulation must Isthes1 100%. The charging is

bounded by

1
R.-C

> fe, (3.8)

where, f; is the carrier frequencyg. is the impedance at the output node when MOS
transitor is conducting, and C is the charging capacitois Tondition ensures that the ca-
pacitor charges rapidly and thereby follows the appliethg® up to the positive peak when
the MOS transistor is conducting. Now when the MOS transstiaps, the discharging is

bounded by

f f,, (3.9)

1
m < R.C <
where, f, is the frequency of interest ai®} is the impedance at the output node when
MOS transistor is not conducting. This ensures that theatgalischarges slowly through
the discharging load, i.e. from the currghtarge sink. The result is that the capacitor

voltage or the detector output is nearly the same as thea@welf the AM input signal.

3.7.5 Envelope detector without bandpass
Envelope detector without bandpass filter is shown in Fig§73.The signal after current
to voltage conversion at the front end goes directly intodéeector stage. Same concerns
for dc voltage applies here too. The dc levels are now depemufethe optical input level.
Starting with 50% duty cycle, the dc levels are optimizedmmiddle of the input common
mode range. This dc level will change with the changing dytytec

The noise data is shown in Fig. 3.38. The noise with A-werghfilter is shown in
Fig. 3.29. The total integrated noise in the audio band isied&i?dBVrms without the use

of A-weighting. The noise level drops to about -67dBVrm&af-weighting. The change
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Figure 3.37. Peak detector receiver without bandpass filter

in the input duty cycle has a littlefeect on reducing the noise level in measurements. Again
he THD is not dependent on the input duty cycle. The changirng clcle changes the dc
level of the receiver. The signal goes from more optimizetkglel to a non-linear range.
Although the peak detector has more non-linearity comingfthe diode like behavior of
the transistor. The THD is 5dB worse than the track and haldiver.

The time domain behavior is shown in Fig. 3.40. We perform @ &fthe time domain
signal to see how the received signal appears on the fregspaectrum. After detection,
there is still 200kHz carrier is present in the spectrum. \Wee@ss the data with an ideal
RC 2'nd order butterworth filter. This places a corner at 20lddd hence with 20dB per
decade suppression, the 200kHz signal is further minimiBedically what it means that
with a 2’nd order CMOS filter we can achieve the desired atiéon in out detected signal.

On thing that we notice in case of peak detector receiver. ifijmnet to the detector is
existentially a square pulse. It has a sinc shape respomseifWwe change the duty cycle
from 50% down to 20%, ideally the output amplitude for thetfiode of the sinc function
goes down. Now more and more energy shifts from the 200kHd baits harmonics. We
notice this behavior in our gain measurements. The gainstemdo down as we change
input duty cycle from 50% to 20%. Further discussion is madhe in the topology com-
parison section of this chapter. The peak detector dembduia quite diferent from track

and hold detector. Track and hold basically captures thelepe from the synchronized
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Figure 3.38. Peak detector receiver noise without bandpagiter at various input duty cycles: (a)50%
duty cycle noise spectrum. (b)50% duty cycle with 1kHz audicssignal spectrum. (c)40%
duty cycle noise spectrum. (d)50% duty cycle with 1kHz audisignal spectrum. (€)30%
duty cycle noise spectrum. (f)30% duty cycle with 1kHz audicsignal spectrum. (g)20%
duty cycle noise spectrum. (h)20% duty cycle with 1kHz audissignal spectrum.
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Figure 3.39. Peak detector receiver A-weighted noise withudt bandpass filter at various input duty
cycles: (a)50% duty cycle noise spectrum. (b)50% duty cyclevith 1kHz audio signal
spectrum. (c)40% duty cycle noise spectrum. (d)50% duty cye with 1kHz audio signal
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spectrum.
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Figure 3.40. Peak detector receiver output without bandpasfilter.(a) Output from the detector.(b) FFT
of the output from detector. (c) Output after lowpass filter.(d) FFT of the output after
lowpass filter.

clock used for the input pulsing. Peak detector on the contsadesigned to capture the

envelope of certain frequency with out any clock input. Timsts the frequency response.

More treatment of this topic is given in AC response comoaris

3.7.6 Envelope detector with bandpass
This approach is shown in Fig. 3.41. The main receiver agchite is kept same with peak
detector approach. The onlyftiirence is the presence of bandpass filter after current to
voltage conversion stage a the front end of the receiver.

Again the bandpass filter filters any low frequency noiseqmeat the front end of the
receiver. The bandpass provides the control on dc levasthi front end conversion. The
dc control on the bandpass reduces the advdfsetaf afecting the dynamic range and

signal clipping down the receiver chain. The noise data ewvshin Fig. 3.42. We make
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Figure 3.41. Peak detector receiver with bandpass filter.

use of A-weighting filter for microphone application. Thasewith A-weighting filter is
shown in Fig. 3.43.

The total integrated noise in the audio band is about -64d®&without the use of
A-weight. The noise level drops to about -70dBVrms after Aiginting. The change in the
input duty cycle has a littleféect on reducing the noise level in measurements. The THD
is not dependent on the input duty cycle. The changing dutieashanges the dc level of
the receiver. The signal goes from more optimized dc level ton-linear range. In this
case the front end bandpass filter has nonlinearity comorg the change in the input dc
levels. The nonlinearity is also introduced from the outpuffer. In case of PMOS Hiter,
the ICMR is from 200mV to 800mV. Anyshift of DC close the edge#i have dfect on
the THD.

The time domain behavior is shown in Fig. 3.44. We perform @ &fthe time domain
signal to see how the received signal appears on the fregspaectrum. After detection,
there is still 200kHz carrier is present in the spectrum. e an-chip CMOS filter does
not have enough suppression, we process the data with driRi@ezind order butterworth
filter. This places a corner at 20kHz and hence with 20dB peadie suppression, the
200kHz signal is further minimized.

Again the input to the detector is existentially a squares@ullt has a sinc shape re-

sponse. Now if we change the duty cycle from 50% down to 20%allg the output
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Figure 3.42. Peak detector receiver noise with bandpass #it at various input duty cycles: (a)50% duty
cycle noise spectrum. (b)50% duty cycle with 1kHz audio sigal spectrum. (c)40% duty
cycle noise spectrum. (d)50% duty cycle with 1kHz audio sigal spectrum. (e)30% duty
cycle noise spectrum. (f)30% duty cycle with 1kHz audio sigal spectrum. (g)20% duty
cycle noise spectrum. (h)20% duty cycle with 1kHz audio sigal spectrum.
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Figure 3.43. Peak detector receiver A-weighted noise withdndpass filter at various input duty cycles:
(a)50% duty cycle noise spectrum. (b)50% duty cycle with 1ki2 audio signal spectrum.
(c)40% duty cycle noise spectrum. (d)50% duty cycle with 1kk audio signal spectrum.
(e)30% duty cycle noise spectrum. (f)30% duty cycle with 1kk audio signal spectrum.
(9)20% duty cycle noise spectrum. (h)20% duty cycle with 1kk2 audio signal spectrum.
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Figure 3.44. Peak detector receiver output with bandpass fiér.(a) Output from the detector.(b) FFT
of the output from detector. (c) Output after lowpass filter.(d) FFT of the output after
lowpass filter.
amplitude for the first lobe of the sinc function goes down.wNuaore and more energy
shifts from the 200kHz band to its harmonics. We notice tkisdvior in our gain measure-
ments. The gain tends to go down as we change input duty ayrie $0% to 20%. The
peak detector demodulation is quitéfdrent from track and hold detector. Track and hold
basically captures the envelope from the synchronizedkalsed for the input pulsing.

Peak detector on the contrary is designed to capture théogevef certain frequency with

out any clock input. This limits the frequency response.

3.7.7 Continuous Mode VCSEL Receiver
Now we discuss the approach of the optical receiver wher& @8EL is kept on all the
time unlike pulsed operation. The receiver architecturguise simple in this case. This

is shown in Fig. 3.45. The VCSEL driver gate is set to a fixed ids boltage for a pre

74



Acoustic Pressure

20-20k Hz

==

N

/4

Vout
1.5V o

DC input 20-20k Hz

Figure 3.45. Receiver with continuous mode VCSEL input.

determined current levels through VCSEL. For the purpodeetter and fair comparison
with the pulsed operation, all the operating conditionskag same in this case too. The
average current which is now the dc current in this case isdegpve the threshold current
of about 3mA and above. The AC signal is feed on the DC biaseoM@SEL driver. The
amplitude is kept less than 100mV.

The current to voltage conversion is done with only dc biaggraonsumption through
the front end of the receiver. The dc current is in the ranggOaficro amperes and less.
The major contribution for power is now coming from the cantus operation of the
VCSEL. As the threshold current is around 3mA, this is theviidaad on the battery for
low power microphone application. The noise is shown in Big6. Notice that the noise
level go higher from the VCSEL relative intensity noise c¢dnition. One of the main
advantages here is the linearity of the system. THD is -35aBlsetter. On the receiver
end of the system, the front end is very linear; major soufc®n-linearity is coming from
the PMOS bifer that is used to drivetibchip capacitive load of cables and instruments.

The time domain response is shown in Fig. 3.47. Notice thght frequency noise is

very low as compared to pulsed operation. We can use the ooffer to further lower
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Figure 3.46. Continuous mode receiver noise: (a)Noise sgam. (b)Noise spectrum with 1kHz audio
signal spectrum. (c)A-weighted Noise spectrum. (d)A-welged Noise spectrum with 1kHz

audio signal spectrum.

the frequency corner to save more power.

Lowering the ctitesels can increase the

noise levels. Care should be taken for optimizing noisediity and power of the receiver

blocks.
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Figure 3.47. Continuous VCSEL mode receiver output.(a) Outut from the detector.(b) FFT of the
output from detector.

Table 3.5. Measurement results of continuous mode VCSEL reiver

SNR [dB] @ 100mVrms signal 35
A-weighted SNR [dB] @ 100mVrms signhal 45
Noise [dBVrms] -55
A-weighted noise [dBVrms] -65
THD [dB] -35

Power [mW] 19.923

3.8 Receiver comparison

In this section we go over the fiveftkrent topologies discussed earlier individually. Our
main basis of comparison is the power consumption and treSKNR for a given power.
Let us first look at the more basic comparison between thesgnous and peak detector.
The AC frequency response of the modulation input in showRig 3.48. For the AC
comparison, 50% duty cycle at 200kHz pulse and 1kHz modwias considered.

The response from the continuous mode operation of VCSEla fflas AC response in
the audio band. The main corner that comes is basically fradiode-resistor front end
or the output drive bfiier, that can be set for a even lower corner for power savingthéo
peak detector case, the envelope detection scheme is sghtwldlate essentially a desired
frequency. The discharge current through the capacitatifos 1kHz modulation in this

case. If the input modulation frequency goes higher, therptrak detector fails to follow
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Figure 3.48. AC response of demodulators.

the fast falling modulation on 200kHz pulses. The same is fan lower frequencies as
now the peak detector tend to clip the real gain of the output has a faster discharge
current as compared to what is actually necessary for loveguency signal detection.
Now looking at the response from the track and hold detetttenresponse nearly flat over
the audio frequency band. The track and hold detector isdb@as@hase locking the input
with the demodulation clock. With this additional featutike system follows the input
modulation on 200kHz pulse all the way till the corner intnodd from the hold ampilifier.
Let us look at the noise and SNR first without A-weighting filt€he noise compari-
son is shown in Fig. 3.49. Noticdtect of bandpass filter on the total integrated noise in
the audio band. When we introduce a bandpass filter at the émoh the systemfiec-
tively becomes a chopper amplifier. We are modulating thésesignal on 200kHz pulses.
The bandpass filters the low frequency noise in both pealctbetand track and hold re-
ceiver. The signals are then demodulated and have redutadrttegrated noise in the
audio frequency band. Introducing a bandpass with trackhatdireduces the noise levels

significantly as compared to the peak detector as the peaktdetlready has a bandpass
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Figure 3.49. Noise reduction with bandpass filter.

shaped response from it structure.

The measurement results from the continuous VCSEL modeévexds shown in 3.5.
The first thing we notice is the power consumption. The VCS&hurning continuously
6mA of current from a 3.3V supply. That is the most major poWweangry part of the
receiver. The major benefit that comes with this receivenedinearity. It is -35dB for the
same operating condition of input signal. This linearitggado -50dB and higher with an
optimized signal input and reduced signal amplitude as@&®pledrom the optical sensor.

The receiver key parameters are summarized in Table 3.6.fiflgehing to notice
is the fact that just only 17uA of currents in the bandpassrfifive 6dB and 3dB SNR
improvement. The SNR with the bandpass is better than thasotie continuous time
approach. In the continuous time receiver, all the low fesgry noise is present, while in
our modulated receiver with the bandpass, we reduce lowémrgy noise.

The SNR with input duty cycle is show in Fig. 3.50(a). As weueglthe input duty cy-
cle, both receivers maintains signal SNR. The demodula&sssntially captures the shape

of the envelope. That shape remains unchanged with dutg egclong as our input driver
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Table 3.6. Receiver Comparison

Power [uA] | Noise [dBV] SNR [dB]
(Audio band) | (1kHz @ 100mV)
Cont. Mode 59.06 -55 35
T/H 41.03 -62 34.47
T/H + BP 57.98 -71 39.94
Peak Det. 32.45 -62 37.99
Peak Det+ BP 49.40 -66 40.26
SMR vs WCESEL duty cycle WCBEL Current vs. Input Duty Cycle
100 T T T 2 - - - .
—&— Track & Hald 18
—— Peak detector '
20 q 16
1.4
= B 12
. ;o
= =
w40 f s S 08
—a——e—° .
20 b 0.4
0z
Yo 20 0 a0 ] &0 eh 0 & 0 50 By
Input WCSEL duty cycle [%] Input Duty Cycle [%)
(a) (b)
Figure 3.50. (a)SNR variation with input duty cycle.(b)VCEL current consumption with input duty
cycle.

has no bandwidth limitations. As shown earlier, the VCSEivairis tested for at least
17MHz bandwidth. The receiver electronic have fast seftiinth phase margins more
than 60 degrees in each receiver. If we have a square pulsagsud, then we will see the
reduction in SNR with duty cycle as the output has a sinc shaggponse; but in this case,
we have a bandlimited input coming to the demodulator witleast 600kHz corner from
the frontend photodiode and resistor.
Now if we look at the THD comparison as shown in Table 3.7, wéaceothat the

continuous mode has the best linearity. First we have tazeethat we are using a non-
linear MOS switch with AM modulated signal. Ideally, the nubation is supposed to come

from sensor. Now at the best we have -35 THD which this limiteghsurement setup. The
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Table 3.7. Total Harmonic Distortion @ 1kHz 100mV input

Continuous mode -35 dB
Track and hold | -32 dB
Peak detector | -22 dB

Table 3.8. Analog Receiver Comparison

Knowles | Akustica | This work
(T/H+BP)

Supply Voltage [V] 1.5-3.6 | 1.65-3.6 15
Current [uA] 250 140 57.98
Peak SNR [dB] 59 57 64.98*
(1 Pa @ 1kHz)
Type omni Oomni Directional
Directional SNR [dB]* 46 44 64.98

track and hold fier better linearity as compared to the peak detector as flgiholds
the envelope value on a capacitor. The peak detector on ke band is charging and
discharging with the input.

As we reduce the input duty, we get benefit in terms of poweucton on the VCSEL
side. The current consumption in the pulsed mode VCSEL isvshio 3.50(b). Notice
the drop in current as the duty cycle goes down. Now here ikélyethings to notice
between the continuous mode and pulse mode VCSEL receiterpdwer goes down at
the transmitter by at least 50%. The added electronics coaswrrent less than 60uUA in
each case.

Table 3.8 shows the comparison of this work with commerangl@g front ends by
Knowles and Akustica. We have picked track and hold recem#r bandpass filter at
50% duty cycle. The SNR values are the maximum values we daie\ecideally with

the optical grating microphone. We know the maximum defbecof the sensor along
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Figure 3.51. (a)Continuous time chip microphotograph.(bfontinuous time chip layout.

with the power on photodiode. Now we know from electrical sweaments that the cir-
cuits have high linearity and input dynamic range. This give 64.98 dB ideal SNR from
pulsed mode receiver. In terms of current and SNR, ther detter performance than the
commercial analog frontends. Notice that the SNR is for edirgction microphone for
Knowles and Akustica. In our case, the biomimetic opticatigig hearing aid is directional
by design. If we use two omni microphones to make a directionerophone, typically
the SNR degrades by 13dB [33]. The Biomimetic microphoné pitised mode approach
offer exceptional SNR performance for directional hearing @dnsidering the SNR and
power, track and hold receiveffer the best choice. The pulse operation adds complexity
into the receiver along with chip area. The simplicity of tmmtinuous mode receiver and
linearity is desirable in applications where power is noissue. For low power applica-
tions like microphone, pulsed operatiofiers good SNR for the power consumption.
The continuous time chip is shown in Fig. 3.51. The elect®are shielded with metal
layer to prevent optical latch up. The chip area is 1500um@808m. The chip fiers an
integrated approach for the biomimetic microphone el@itin 0.35um standard CMOS

process.
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CHAPTER 4
DIGITAL FRONT-END FOR BIOMIMETIC MICROPHONE

In a typical hearing aid, the front end preamplifier is the trpmsver intensive block
[34]. Figure 4.1 shows the power break down for a typical imggaid. Notice that 74% of
total power is burnt at the front end by the preamplifier aredahalog-to-digital converter.
The rest of the system has a DSP and then a digital-to-analogeder for the driver of
the receive speaker. In the pulsed mode approach of degehtraudio signal, we already
have a sampled input. We can use that directly without angmpdifier on the receive side

and generate digital bit stream as shown in Fig. 4.2(b).

4.1 Sigma-Delta Analog-to-Digital Converter

A single-bit sigma-delta modulator ADC is chosen becaustsafiherent linearity, robust-
ness against process deviations, and simplicity. Figajst{ows the block level schematic
of the optical front-end with sigma delta. If we want an o@enpled data conversion,
the sampling frequency should be much higher than nyquisttcaget good resolution.
This helps in filtering the output quantization noise thatas in the signal bandwidth and
hence, increases the output signal-to-noise ratio. Theoluseise shaping places much
of the quantization noise outside the input signal’s batdlwi The signal-to-noise ratio
(SNR) theoretically improves by 9 dB for each doubling of theersampling ratio [35].

The use of this shaped quantization noise applied to overigagnsignals is commonly

Analog Front-End

o

Mic reamp N Receiver Receiver

Driver

74% of total power

Figure 4.1. Power breakdown of an hearing aid.
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Figure 4.2. (a) System level integration of photodiode andwrent input sigma-delta.(b) Input PWM
signal at the receiver photodiode.

referred to as sigma-delta modulation.

As the photodiodes used here have wide area coverage taeaptident laser from
sensor, the capacitance is in the range of couple of picd$ara current btfer as shown
in Fig. ??is used to isolate this big capacitance of the photodioda tiee integrating ca-
pacitance of the sigma-delta. The integrating capacita@eich smaller than the junction
capacitance, achieving a larger voltage output for the saimaege. We have added the

capability to digitally control the capacitance for varsdevels of input current.

4.1.1 First Order 1-bit Sigma-Delta

Fig. 4.4 shows block level architecture of the 1-bit signedtal The circuit mainly consists
of three sections: a photodiode and integrator, a one td®nverter, and a one bit/R
converter. The photodiode is made from an N-well to P-sabsjunction. The photodiode
is exposed to the VCSEL light reflected from théwdiction grating based optical displace-
ment sensor, while the rest of the circuitry is covered witktathto reduce the chance of
photon induced latch-up. The size of the photodiode wagydesdito completely capture

the laser beam. The duty cycle of the incident VCSEL lighetuced to lower the average
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Figure 4.3. Input current buffer for isolating photodiode capacitance from the integrathg capacitor.
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Figure 4.4. (a) System level architecture of 1-bit first orde sigma-delta ADC. (b) Circuit level
schematic of 1-bit first order sigma-delta ADC.

power consumption and the average photocurrent. This photnt is fed to the capaci-
tor which behaves as an integrator. Inverters are used agarators to mimic two level
guantizer. Note that the comparator threshold does fiiettsthe modulator performance
[36], and thus the circuit is not sensitive to inverter tiiad variations. The output con-
trols the feedback reseting switch which enables a preastduirrent into the integrating
capacitor. The resulting bit stream along with the intagratoltage is shown in Fig. 4.5.

The signal-to-noise ratio is given by
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Figure 4.6. (a) System level architecture of 1-bit second der sigma-delta ADC. (b) Circuit level
schematic of 1-bit second order sigma-delta ADC.

SNRpax = 6.02N+ 1.76 — 5.17 + 30- log(OSR) (4.1)
where N is the number of bits for the quantizer and OSR s tleesampling ratio.

4.1.2 Higher Order 1-bit Sigma-Delta
If we use OSR of 64 with the signal frequency of 20kHz as in theéi@ band, then this

sigma-delta will give 9 bits of resolution. A OSR of 64 meamsnpling frequency of

86



Charge Pump- - - -~~~ -

g FIRST ORDER BLOCK
. Ireset N
T-gate

Quantizer

i?hotons

D/A SN i — i .
I Clk

’ Integrator| . -Quantizer

Vin + J' Vi

UL s —

D
Clk

Integrator

+ “
G_ D/A | @ T-gate
- ~ s

V, SECOND ORDER BLOCK

I J_ T Charge Pump

o/

(@) (b)

Figure 4.7. (a) System level architecture of 1-bit incremetal sigma-delta ADC. (b) Circuit level
schematic of 1-bit incremental sigma-delta ADC.

2.56MHz. This sampling frequency requirement can be rediugth higher resulting res-

olution, if we increase the order of sigma-delta. Fig. 4.6veh the block level imple-

mentations of second order sigma-delta along with the itincyplementation. The second

integration is implemented with a transconductor basestjnaitor. The signal-to-noise ratio

is given by

SNRpax = 6.02N+ 1.76— 129 + 50 log(OSR) (4.2)

With this implementation we can get a 14 bit resolution witlreidampling ratio of
64 and sampling frequency close to 2MHz. The advantage ofjusecond order sigma-
delta is evident as resolution increases with lower sargghequency, for the cost of one
additional integrator in terms of power and complexity. @nere technique for sigma-
delta ADC can be explored as shown in Fig. 4.7. It can prowsteigh resolutions without

the complexity of double integration in a a single loop [37].
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Figure 4.8. (a)Output captured from first order sigma delta converter.(b)FFT of digital bit stream.
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4.2 Measurements

The measurement setup is kept same as in the case of corgitinehearing aid electron-
ics. We make use of two chip approach, with the input driver d@SEL on one chip and
the receiver electronics on the second. The input pulsefAMadhodulation with 1kHz
sinusoidal signal. The VCSEL mounted on the transmittep chidirectly inverted over
the photodiodes on the second CMOS chip. The digital biagtrfom the first order 1-bit
sigma delta is shown in Fig. 4.8(a).

Figure 4.8(b) shows the frequency spectrum of the digitastbeam from sigma delta
converter. The measured SNR is 26.3dB. That correspondsits df resolution as com-
pared to 9 bit of theoretical resolution. The SNDR is 14.6d#ak is lower than SNR.
Notice the harmonics that appear in the spectrum. The inpisepvith AM 1kHz input
signal is coming from a single transistor as a VCSEL driveam@mber that the transistor
is a non-linear element. If we use it for AM 1kHz signal, thea will have very strong
non-linearity coming into the receiver side of sigma delfae systems is designed to be
used with a MEMS optical microphone, in which case, the VCSIEler transistor will
not be used for AM signal. The acoustic signal on the MEMS apbone will modulate

the input incident pulse.
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Table 4.1. Digital Hearing Aid Comparison

JSSC 1997 [38] JSSC 2002 [39] JSSC 2006 [40] Knowles | Akustica | This work
Supply [V] 2.15 11 0.9 1.6-3.6 | 1.8-3.6 15
Current [uA] 150.1 172.7 66 600 - 62.8*
Peak SNR [dB] 77 92 86 56 56 62.52**
@ 1kHz (1Pa) (1Pa) (1Pa)
Technology 0.8um 0.6um 0.25um - - 0.35um
CMOS CMOS CMOS CMOS
Integration ADC ADC ADC Frontend| Frontend| Frontend
+ADC +ADC +ADC

There are mainly two reasons for reduced resolution in tleasurement setup. First

we are limited with our setup with the maximum input we canlapm the VCSEL driver.

As the input has AM modulation on the input pulse, the sigealegator has top and bottom

envelopes. In order to keep the input above the ground ararigeéhe bottom envelope

not turning on the VCSEL driver, we have to limit the ampliguthat we can place on the

input pulse to about 200mV. Now this limit reduces the maxim&NR that we can achieve

in this current measurement setup. The second issue is atmput bdfer. Remember

that we are using the [ffier to isolate the huge photodiode capacitance from theratieg

capacitor of the sigma delta. Now if we increase the gain eflttop by pushing more

current into the bffier, the output transistor will be forced out of saturatiod arll hinder

the next stage of sigma delta inverters. In order to keepitraasdelta in operation, we

were forced to reduced the current into thdfbru As the current was reduced, the current

noise increased significantly and reduced the overall sidgita resolution.

4.3 Comparison

The layout and the microphotograph of the sigma delta chgh@wvn in Fig. 4.9. The

electronics are shielded with metal to avoid optical latph There are two channel for

capturing the two orders from the optical grating. The chgaas 1450um by 1450um. The
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Figure 4.9. (a)Sigma delta chip microphotograph with shieled electronics.(b)Sigma delta chip layout.

actual electronics take very small area. The photodiodedesigned to capture maximum
optical input.

In this work, we have presented an integrated digital froditer the biomimetic hear-
ing aid. A comparison with some recent work in JSSC and atsm industry is shown in
Table 4.1. Mostly the hearing aids are designed for 1.5 wablbmttery. This work shows a
very close and even better performance in terms of power &Rl $he SNR value is for
the ideal case where we are operating at the maximum on tieabijptensity curve. This
approach has an integrated frontend as we go directly igitatibit stream and avoiding
the frontend preamplifier. The sample signal at the inpuirisctly feed into the current
mode sigma delta ADC via photodiode. As the preamplifier tyonesent in out approach,

we ofer a more #icient integrated digital frontend for the optical hearindy a
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CHAPTER 5
CONCLUSION

The main goal of this research was to develop and design-&otianalog circuits for
Capacitive Micromachined Ultrasound Transducers (CMUAFg) optical grating MEMS
microphone. This work was motivated by the fact that with noiscaling, MEMS sense
capacitance gets smaller in a CMUT array element for insewiar ultrasound imaging,
which has dimensions of 70um x 70um and sub pico-farad ctrea. Smaller sensors
lead to a lower active-to-parasitic ratio and thus, degesifsitivity. Area and power re-
quirements are also very stringent, such as the case ovastalar catheter implementa-
tions with CMOS-First CMUT fabrication approach. In orderresolve these issues, we
implemented capacitive feedback charge amplifier as amalige approach to resistive
feedback amplifier. Capacitive feedback charge amplifievides high sensitivity, small
area, low distortion and saving power. This approach ofggnamplifiers is also suitable
in capacitive microphones where it provides low power amgh siensitivity.

Another approach to overcome capacitive detection chgdleins to implement optical
detection. In the case of biomimetic microphone structopgical detection overcomes
capacitive detections thermal noise issues. Also withorsmaling, optical detection over-
comes the increased parasitics without any sensitivityatkgion, unlike capacitive detec-
tion. For hearing aids, along with sensitivity, batterelit another challenge. We pro-
pose the use of 1-bit front-end sigma-delta ADC for overatioved hearing aid power
efficiency. Front-end interface based on envelope detectidnsgnchronous detection
schemes have also been designed and tested. These intg@réages consume currents
in micro-ampere range from a 1.5V battery. Circuit techesjare used for maximizing
linear range and signal handling with low supplies. Thererftiont end signal process-

ing with Vertical Cavity Surface Emitting Laser (VCSEL) ders, photodiodes, filters and
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detectors is implemented on a single chip in 0.35um CMOSgs®ic The core electron-
ics operate from moderate to weak inversion for maximumesurdficiency and hence

prolonged battery life for bio-medical applications.

5.1 Main Contributions

A low-power approach to capacitive sensing that can achagvigh signal-to-noise ratio
has been designed, and tested. The circuit is composed qfaaitiae feedback charge
amplifier and a charge adaptation circuit. The charge amaphinly consumes 1 uwW and
achieves an SNR of 69.34 dB in the audio band. This capaddadback charge amplifier
also has been used as a receiver circuit for a capacitivemaxhined ultrasonic transducer
that is designed for forward-looking intravascular ultrasd imaging applications. Com-
pared with conventional approaches, using a charge ambfidetect capacitance vari-
ation avoids the dilemma of sensitivity-bandwidth trafled’ulseecho experiments have
been performed in an oil bath using a planar target 3 mm aveay the array. The mea-
surement results show a signal-to-noise ratio of 16.65 dB %2 uW power consumption
around 3M Hz.

Analog front-end low power electronics for biomimetic ndphone is integrated on
a single chip in 0.35um standard CMOS process. The chip h&&BEVQriver, photodi-
ode and receiver electronics all on 1500um by 3000um chip. aiée show pulsed mode
operation with less than 60uA current in the receiver etetts without degrading SNR.
A chopped implementation shows better SNR as compared tthéheontinuous mode
approach. We can achieve ideally 65dB SNR(1Pa @ 1kHz) ti2id8 better for the di-
rection microphones built by commercial omni-microphoriése electronics are designed
with reduced supply of 1.5V in 3.3V process. Wide linear mtegchniques with dual com-
plementary inputs and pseudo-BJT MOS resistors keep THEddw -60 dB and better.
We have showed integrated approach with low power and lotagelfor the biomimetic di-

rectional microphone. A poweffecient digital front-end is also shown for the biomimetic

92



directional microphone. We achieve ideally 65.5dB SNR withy 62.8uA of current con-
sumption. We show a direct current mode sigma delta with leeitneed of any frontend
pre-amplifier on 1500um x 1500um 0.35um CMOS. The biomimeitrophone with the

digital front end surpasses current state of art in direetionicrophones.

5.2 Future Directions

The CMOS photodiode responsitivity can be improved from ANV to as high as 0.5
A/W, by making use of CMOS process for optical applicationse d@ieeper junction depth
increase the photon absobtion and hence increase the phagagsponsitivity. This di-
rectly makes the biomimetic optical grating microphone enpower éicient, as the input
VCSEL power can be reduced.

The optical measurements were limited by the input of the KIC&iver as AM signal
was added on the input pulse at the driver side. Non-lineafithe single transistor and the
limited AM amplitude can be overcome by integrating a biomiim microphone with the
CMOS chip. This will also reduce the non-linearities obserin the direct digital ADC
approach for the biomimetic microphone. The inpuffeufor the ADC can be replaced
with a single common gate transistor without hindering thigching of next stage inverters

as shown in Fig. 5.1. This will improve the achievable regofluof the converter.

Ioutput

Vbias
._-IIZ A; Laser

A o

v

Figure 5.1. Simplified input current buffer.
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APPENDIX A
LIST OF ICS FOR CMOS-FIRST CMUT INTEGRATION

The following is the list of chips submitted to the TSMC 0.8bprocess for CMOS-FIRST
MEMS CMUT integration.

Dual Ring Chips (Circular)

Chip ID Description

DR2 | 3mm x 3mm, 64Rx & 48Tx CMUT, transimpedance amplifier
DR3 | 3mm x 3mm, 64Rx & 48Tx CMUT, charge amplifier
DR4 | 2mm x 2mm, 32Rx & 24Tx CMUT, transimpedance amplifier
DR5 | 2mm x 2mm, 32Rx & 24Tx CMUT, charge amplifier

Dual Ring Chips (Square)

Chip ID Description

DREL3 | 3mm x 3mm, 64Rx & 48Tx CMUT, transimpedance amplifier

DREL4 | 3mm x 3mm, 64Rx & 48Tx CMUT, charge amplifier
P1 2mm x 2mm, 32Rx & 24Tx CMUT, transimpedance amplifier withdaul
P2 2mm x 2mm, 32Rx & 24Tx CMUT, charge amplifier with Pulser

Annular Array Chips

Chip ID Description

AAl 1mm x 1.75mm, 8-element CMUT, transimpedance amplifier @Rawitch
AAC1 | 3mm x 3mm, 8-element CMUT, charge amplifier

AADE2 | 2mm x 2mm, 16-element CMUT, transimpedance amplifier

AADE3 | 2mm x 2mm, 16-element CMUT, charge amplifier

P3 2mm x 2mm, 16-element CMUT, Amplifier combo with TR switch

Linear Array Chips

Chip ID Description

ICEDE2 | 2.7mm x 6mm, 64-element CMUT, Amplifier combo with TR switch

94



APPENDIX B
LIST OF ICS FOR OPTICAL GRATING MICROPHONE

The following is the list of chips submitted to the TSMC 0.8bprocess for optical grating

based microphone.

Optical Grating Microphone Chips

Chip ID Description

IC_OPT1 | Sigmadelta 1l & 2 wPD

IC_OPT2 | Sigma delta incremental D

IC_OPT3 | Optical universal RX wPD

IC_OPT4 | Hobbs & force feedback

IC_OPTS5 | Audio charge amplifier, hobbs, force feedback
IC_OPT6 | Sigmadelta 1 & 2 vio PD

IC_OPT7 | Optimal RX blocks wiPD

IC_OPT8 | Optimal RX blocks wo PD

IC_OPT9 | Optical universal RX vio PD

IC_OPT10| Stand alone RX blocks sigma delta incrementa ®D
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