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Abstract

L ow Frequency Sinusoidal Oscillator for I mpedance Spectr oscopy

Nagaraja Revanna, MSE

The University of Texas at Austin, 2014

Supervisor: T.R Viswanathan

Impedance measurement as a function of frequenoging increasingly used for
the detection of organic molecules. The main bnddblock required for this is a
sinusoidal oscillator whose frequency can be vainetthe range of a few kHz to tens of
MHz. The thesis describes the design of Integra®iDS Oscillator Circuits. There are
2 designs presented in the thesis, one of whiblased on the Wien Bridge and the other,
on anLC architecture. They provide both in-phase and catade outputs needed for the
determination of the real and imaginary parts ohptex impedances.

The inductor in thé.C tank is realized by gyration of a capacitor. Tine®ds two
variable transconductance elements. Linear tramkomance elements with decoupled
transconductanag, and output conductancgis presented. A novel circuit for detecting
and controlling the amplitude of oscillation is delsed. A current mode technique to
scale the capacitance is also discussed.

Since this oscillator is used in an inexpensivedHaeld instrument, both power

consumption and chip area must be minimized. A @iepn between the Wien Bridge

Vi



and theL C tank based oscillator is presented. Simulationltepertaining to the design

of the different blocks of the circuit are madeiklze.
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Chapter 1: Introduction

1.1 OVERVIEW

Oscillators have been an integral part of analogudi design from the days when
Howard Armstrong designed the first electronic esmir with vacuum tubes. Even
digital circuits require a timing reference, whishproduced by an oscillator. The use of
oscillators has extended vastly even in the field Boomedical Engineering in
applications like Impedance Spectroscopy.

This thesis discusses the design of an integratetOE oscillator circuit
specifically meant for the application Impedancee@mscopy. Low-frequency
impedance measurement is becoming popular fordtextion and analysis of molecules
encountered in biological systems. This requiresnéegrated oscillator tunable over a
wide low frequency range, i.e. frodkHz to 10MHz [1]. Impedance spectroscopy has
man bio-medical applications such as blood glucemsetnd is meant to be a single use
throwaway chip. For this reason, both cost and p@easumption must be minimized.

The design of a low frequency sinusoidal oscillasonot a trivial problem. We
need large values of resistan€®, (inductancel() and capacitanceC], which will need
more area in an integrated circuiC). Filtering low frequency sinusoids also require
large time constants. The design of an integratexliit that meets these challenges of
lower cost, power with acceptable low levels otalison is discussed in this thesis.

We investigate two architectures of oscillators ths thesis, namely the
conventional Wien-Bridge Oscillator and the LC dator. Design techniques to
implement linear inductors / resistances for r@afjzhe oscillator is described. Novel
circuits for the detection and control of the armyale of oscillation are described.

Simulation results pertaining to the same are pitese
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1.2 IMPEDANCE SPECTROSCOPY

Impedance spectroscopy is a technique used fochtlracterization or detection
of biological molecules. Currently, integrated aits are being designed for a variety of
applications that employ impedance spectroscopthittechnique, traditionally known
as cyclic voltametry, the complex impedance measeant of a solution is used to detect
the presence and estimate the quantity of a spestibstance.

Electrodes are placed in an aqueous solution contathe substances/analytes to
be analyzed. These analytes in the solution bindhéo electrodes and changes the
electrical characteristics of the electrode-eldgteointerface. Typically, the electrode -
electrolyte interface is modeled as a parallel doatipn of a resistor and capacitdiy(
and Cy), in series with a solution resistand®)( The presence d®y andCy inherently
gives rise to a frequency response, which is chenatic to the analytes present in the
solution. The modeling of electrodes is dealt ieagdetail in [2].

Impedance is purely an electrical quantity. A keymponent for impedance
spectroscopy is an oscillator that generates pume @waves. A sinusoidal voltage is
applied to an electrolyte and the resulting curismheasured. The complex ratio of the
two gives the impedance. A generic block diagranheftechnique is given in Figure 1.

The architecture resembles a typical quadraturem# sinusoidal voltage input
of amplitudeA and frequencw, Vi, = A Sn(wt) is applied to the electrolyte. The current,
lin = A2 Sn(wt - O) is sensed. The magnitude Af/A gives the magnitude of the
impedance of the solution. This impedance has @iveacomponent, which manifests as
a phase changé in the measured current. The mixer multipligswith in-phase and
guadrature sinusoids of amplituBeas shown in the figure. The product yields a sdcon
order term. The DC components are extracted by Pags Filters (LPF). This contains

the amplitude informationq) and phase informatio®]. From the outputs of the mixer,
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the magnitude of the impedance is obtained by tpkne square root of the sum of the
squares of the LPF outputs. An arc-tangent of &tie will give the phase of the complex
impedance. This procedure is repeated for diffefegquencies by sweeping and
measuring the impedances for all frequencies oérast. This way, the complex
impedance as a function of frequency is obtainedtf@ solution under test. This
information is used to determine the nature andythentity of a specific molecule in the
test solution.

The reference [1] provides the design of the mieéectrode and the low pass
filter. The scope of this thesis is limited to hesign of the sinusoidal excitatidf, the

in-phase and quadrature signals for the mixer.

=/)-(\ > LPF ———>
| = A; Sin(wt - 8) Y I, = 0.5xA1xBCos(0)
B Sin(wt)
ZgiecTROLYTE
Vin
Vin = A Sin(wt) LPF f———>

I, = 0.5%A;xBSin(6)

B Cos(wt)

Figure 1: Block Diagram of Impedance Spectroscopy.

1.3 SPECIFICATIONS

A high purity, low frequency, integrated sinusoidascillator can find an

application in many fields of engineering. Onceimusoid is obtained, generating a



square wave or a ramp would be trivial tasks ofsigg, integration etc. Traditional low
frequency signal generators inherently have a \arge power consumption. This
prevents the utility of such devices in portablglaations where the available power is
limited. An application such as impedance spectpgcis used in blood glucose
monitoring. With the cost of integrated circuitsrggpdown, the development of a single
use portable blood glucometer chip is indeed ecacedmSuch a portable application
demands low power consumption. These are meang tairfyle use throw-away chips
and hence, the cost of thé must be minimal.

In the context of impedance spectroscopy, the lasail is required to generate
frequencies spanning frortkHz to 10MHz Linearity of the frequency sweep with
respect to the control variable is not essentitile Trequency of the oscillations can
always be measured by on-chip digital counters.

The purity of the sine wave, which is characterizgd the Total Harmonic
Distortion (THD) must be better thaB5dB [1]. This ensures that the impedance profile
obtained from a solution is within the accuracyitgof the system. As the distortion
increases, the impedance resolution will not beyade for molecular identification. So,
it is very important to focus the design on redgcufistortion. A voltage output is
desired. For impedance spectroscopy, it is sufficteat the amplitude of excitation is
aroundlmV to 10mV [5]. But, the amplitude of the output can alwagsddjusted with a
variable gain amplifier depending on the applicatiequirement. It must be ensured that
there is no DC component in the output. This isyomd ensure that there is no
polarization of the molecules in the electrolytdieh inherently degrades the electrode -

electrolyte interface.



1.4 ORGANIZATION OF THE THESIS

Chapter 1 provided a motivation for having a pdadbw frequency sinusoidal
oscillator. With reference to Impedance Spectrogcop set of specifications are
established. We investigate two different circuitoices, namely the Wien-Bridge
oscillator and thé.C Oscillator. Chapter 2 discusses the former ando@ha discusses
the latter part. Chapter 4 compares the two topesoghapter 5 provides the conclusion

and scope for future research in the design offtequency sinusoidal oscillators.



Chapter 2: Wien Bridge Oscillator

2.1 INTRODUCTION

This chapter discusses the design of a Wien bi@igmllator for applications like
impedance spectroscopy. The design of an integategit that meets the challenges of
low frequency, low cost, power and low levels o$tdrtion is presented here. Design
choices which makes the performance of the osailldemperature and process
independent are discussed. The chapter concludéssimulation results in a 180nm
CMOS process.

The well-known Wien-Bridge driven by a sinusoidaltage source is shown in
Figure 2a. It consists of two impedances, nankglyn series withC; andR; in parallel
with C,. WhenR; = R; = RandC; = C, = C, the output voltagé/o,: becomes maximum
when the frequencfyof the sinusoidal excitatioVy,) is equal tdl/27RC. Furthermore, at
this frequency, the output is in phase with theutrgnd is attenuated by a factor of three.
Thus, to design an oscillator with this networle thutput voltage is sensed and fed back
to its input with a voltage amplifier of gain greathan 3 to start the oscillations [3].

The gain of 3 can indeed be altered by changing the value of the
capacitors/resistors in the design. The gain espesat the resonant frequency is given

below.
lin

I3 =
C1 R2
ﬁ‘l—(l +m)

To keep the resonant frequency the same, the pr@dGsR;R, must be the same.
So, if C; = nCy, thenR; =nRy. Thus, the gain expression will have a minimum rvhe
eithern = +1 or n = -1. The case oh = -1 requires the use of -ve resistance and
capacitance. The design of these units will consomoee power. So, we choose= +1

and makeC; = C;andRi = Ry



Voltage Mode Network Current Mode Network

é R1
37
|2 +
1 1 Y Y — Ve
f\) Vout — +
Vin R1 -1
| c1 Veo
C2 R2 R2 _
Fig. 2b

Fig. 2a
Figure 2: Voltage and Current Mode Wien Bridge Nwig

We use a current mode approach to enable the usecofrent-gain element
instead of a voltage-gain element keeping in mhrelfact that the well known current-
mirror circuit is translinear, temperature insemsitand immune to process variations.
Thus, we transform a Wien Bridge network usingliial network as shown in Figure 2b.

The transfer functions of the currenisl,, Is3in the three branches of Figure 2b
are given in Table 1. The time const®@ is represented by symbal Note that at
w=1/1, the currentd; andl, as well as the voltageéc; and Vg, are in quadrature. A

current gain of three is required to configure aailtator using this transformed network.

T(s) Transfer Function For ssjwand wr=1
l1(s)/lin(s) (1+sT)I(S 1+ 3sT+ 1) Tl =(1-))/3
12(s)/lin(s) sT(1+sT)(S°1°+3s7+ 1) T( o) =(1+j)/3
15(s)/lin(s) s7(S P+ 3sr+1) T(w) =13

Table 1: Transfer functions fdy, |5, I3



2.2 DESIGN CONSIDERATIONS

The frequency of oscillationf = 1/27RC is a function of resistance and
capacitance. Since the frequency of the oscilletdo be varied over a wide range of
1kHz to 10MHz, either R or C must be variable. In this design, the value of the
capacitance is fixed and the resistors are chasbe tincremental resistances" of CMOS
transistorsR=1/gn, wheregy, is the Transconductance of a CMOS transistorhabtheir
values can be varied by the DC quiescent currémtsrfg through them.

The key issues in the design are to get a wideeraigow frequencies, low
power, cost and acceptable levels of distortiormperature and process-independent
current-gain, obtained by a current-mirror maingamscillations over a wide temperature
range. The following sections will explain the dgsbf a linear resistor, biasing circuit,

current-gain blocks, amplitude detector etc.

2.3LINEAR RESISTOR AND CURRENT MIRROR

There are many circuit choices for obtaining vdgatesistance. The current-
biased MOSFET or a differential pair with a currermitror active load etc., are examples
of commonly used circuits. Here, we use the wetikn class-AB CMOS inverter as a
variable transconductance element [4]. When thputudf the inverter is connected to its
input (called diode-connection), the quiescentagitat the node will be at the "Logical
Threshold" V1 of the inverter. We use the CMOS-inverter showRigure 3a because it
provides a linear transconductance when operatittga voltage source that maintains a
bias voltage equal t¥, 1 at its output as shown in Figure 3b. The advantdgesing the
CMOS inverter is that the transconductance obtaisedbubled for a given current in
contrast to a differential amplifier since both BRIOS and NMOS share the same bias

current. Hence, the power consumed is halved, wikichitical for this application.
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An inverter provides a linear incremental transeartdnce aroun¥,t and for an
incremental input voltag¥;, applied around this operating point, it behavks & linear
resistor so long as its magnitude is less tharotlee-drive voltage/cs V. Its value is
varied by controlling the quiescent current througle inverter. A diode connected
inverter acts as a grounded resigtor 1/gn, as shown in Figure 3c. This would be used
as a substitute for the resistors in the desige. tfdnsconductancegs, of the inverter is

the sum of the transconductances of the NMOS an®@®Mransistorgym, and gmp

respectively. (i.€gm = Gm* Jnp)-

VDDa VDDa
770n/ 770n/
180n 180n
_| Ell —| I:PIZ
Vin iout

Vit @
—| Eu I:le Vir
220n/ 220n/

Biasin 180n 180n
Gireut =
Ircul .
Fig. 3a R = 1/gm
ic)ut= 8m X Vin .
G
[ Vir + vig Vir
il Fig. 3b Fig. 3¢
Inverting Transconductance Grounded Resistor

Figure 3: CMOS Class AB Inverting Transconductance
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The device sizes chosen for this implementationaaretated in the figure. The
Vi1 bias is obtained by diode connecting an inveriteut (formed byP11 andN11) as
shown. It is a known fact that both mobility andehold voltage differ between a
PMOS transistor and NMOS transistor. This means ttie two devices have different
transconductances for the same bias current il Smailar. By scaling the width of the
PMOS to be 3.5 times larger than the width of t8, it is ensured that the derivative

of gm aroundV 1 is 0, so that the inverter is linear arounl.

VDDa

VDDa 3.50/ 280/ 7700/ 7700/

770n/ 180n 180n BOn 180
e
P2

Vir |

IOut

Ha U Yoe arce

Biasing = O 13;:]/ 81%%”/ 220n/ 2201/

- n n 180n 180

Circuit - - - n N =
Fig. 4a

lout = gmzxim/gml
i B»o

Non-Inverting Transconductance Current Mirror

Fig. 4c

Figure 4: Non Inverting Transconductance.

Let i = f(v) represent the transfer characteristics of a MOSREieref(v) =

fodd(V) + faen(v). In @ CMOS inverter, if a voltagé t+v drives the NMOS, the PMOS
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receives a voltag¥, t-v. It is customary to make the strengths of the dewices equal by
appropriate sizing and make them identical. Thhseirtcurrents will have magnitudes
represented bf(V_r+v) andf(V V) respectively. If the PMOS output is considerecas
current source, the output of the NMOS is a cureank. If we invert the two currents
using current mirrors and subtract them, we getirelp odd output that is linear for
signals less than the overdrive voltaye,

A non-inverting transconductance element basecisnidea is shown in Figure
4a. It can also be implemented with 3 invertersergtthe first inverter will feed a diode-
connected inverter load, the output of which wiivd another inverter operating aga
element. Such a circuit will have lower linearitgdabandwidth than the arrangement
shown in Figure 4a because of the use of currembraifor obtaining the inversion. The
diode connected transistors of the current mifP@4 andN24 provides larger bandwidth
because it reduces the capacitance and the resistpedance seen at the output node of
N22 andP22.

In the inverter shown in Figure 3, both the tramsatancey, and the output
conductanceg, were coupled because the same quiescent curremédiahrough the
transistors?12 andN12 which is responsible for botly, andg,. In the non-inverting,
structure of Figure 4, the coupling is isolated.e TinansistorsP22 and N22 are the
transistors responsible for determining theof the circuit, whereas transistd?25 and
N25 determine the output conductangge The quiescent currents 822 and N22 are
removed before entering the current mirrors to miré the output conductance of the
circuit. This is done using23 andN23 as shown. Only the signal current flows into the
diode-connected transistd?P24 andN24 of the current mirror. Thus, théss of P24, P25
will be Vi, and theVgs of N24 andN25 will be Vi, due to almost zero quiescent current.

The behavior will now be Class B. Since there isgn@scent current iR25 andN25,
11



the output resistance is very large for the noreiiting g, element. Thus, we can have
independent control @, andg, in the circuit.

From the device sizes, it is quite evident that qaescence is not completely
canceled. If the quiescence is completely cancatedan be noticed that the diode
connected transistors of the PMOS and NMOS curremtors sit atVy and Vi,
respectively. This may give rise to problems ofssrover distortion as the signal swings,
which will further degrade the harmonic distortioh the sine wave. So, there is a
fraction of the quiescence being allowed to flowtha output to avoid the problems of
cross-over distortion. We still benefit from havit@yrge g, and low g, due to the
decoupling offered by the circuit.

Note the conventions used for inverting and noreitiig transconductance
elements, shown in Figure 3b and 4b. In a non-tmgrtransconductance, the output
current is sourced into the voltage source whep>V.t. In an inverting
transconductance, the output is a current—sink.

Consider a diode connected inverter fed by an igpuatent as shown in Figure
4c. The input current, sees a load df/g; and produces a voltages iin/gm. When this
voltage is fed to another logic-inverter operatimgth the output atVir and a
transconductance equal ¢gp, we get a current mirror with the output curregt, being
lout = Ome X lin / Oma. The current gain/iin IS gre/gma. This relation is very useful because
it is temperature and process invariant. §hes varied by scaling the aspect ratt/I()
of the devices. Here, the current ggi/gm IS greater than 3 for sustaining oscillations.

We use this structure to get the required curramt tp start the oscillations.

12



2.3 BIASARRANGEMENT

vdd = 3.3V
1u/1u 1u/1u 14u/1u
<+ PMV2
PM1 PM3
VDDa a
220n/ 220n/

B

IBias *
7 B
ZZWHE 22(;”12 1

180n 180n Shunt
Replica Bias =  Negative
Feedback

Figure 5: Current Control using Replica Biasing Ar@que

Since FET’s are square-law devices, a constanag®lbiasing can result in large
variations in the bias current with respect to bptbcess and temperature variations.
Thus, a better biasing technique is necessarydp #ee current through the inverters at a
controlled reference value. The idea here is #bauseplica arrangement shown in Figure
5. The input current is made to flow in a replioaérter (formed byl andN1) and the
voltage across itMDDa) becomes a regulated power supply voltage fothallinverters

13



used in the oscillator circuit. So, with processl aamperature variations, the voltage,
VDDa scales appropriately. This is a well known superrse follower circuit with shunt
negative feedback (achieved B2, N2 and N3). It helps achieve very low output-
impedance a¥VDDa. WithoutN3, the small signal impedance seetvBDa is 1/gnp, the
Om Of P2. The shunt negative feedback configuration chatigedactor tol/(gmot+ A20ms),
where A, and gng are the open loop gain &2 and g,, of N3 respectively, thereby
reducing the output impedance of the power su@yychanging the bias currentDDa

andV,_t changes and hence thgof all the inverters.

2.4 OSCILLATOR SCHEMATIC

8mGAIN ! i
3
Current i { i S—
Gain C2
iin =3 X i3 p—
R1 Cl1
o g
1 R2

Figure 6: Oscillator Schematic

The schematic of the oscillator is shown in Figbird he design requires a current
gain greater than 3 betweesn and ij,. Comparing this to Figure 4c, thgp, block,
14



indicated asR2 acts as both current sensing block and a residtbis prevents
unnecessary loading of the third branch for cursemising. We limiC1 andC2 to 10pF
due to area constraints. So, to achieve the frezyueange, thay, (=1/R) has to sweep

from 60nSto 0.6mS becausé = g./27C.

2.5AMPLITUDE CONTROL

Historically, the very first Wien Bridge audio okators manufactured by HP
used vacuum tubes for active elements and lighisbtdr amplitude control. There are
also other structures that use diodes, high teryeraoefficient resistors etc., limiting
the amplitude of oscillation.

We present a novel circuit for detecting the ampl of oscillation in Figure 7.
The circuit uses the well known trigonometric idgnSin’é+Cos’6 = 1. Thus, if we
square and add the | and Q components, we get aol@@ut proportional to the
amplitude of oscillation without any need for fiitegy which is difficult at low
frequencies [5].

Consider the circuit shown in Figure 7. The orthwagovoltages across the
capacitorC2 and resistoR2 are applied as inputs to this circuit and areesgnted as
sine and cosine signals. The circuit implemengsftilowing simple but general idea.
When we add(v) andf(-v), the odd terms cancel and thus, we can isolateeviea-
component. We use long-channel transistors to magiitihe square-law content in the
even component. The PMOS output is inverted usiegreent mirror and added to the
NMOS output to get a square law output. In theusirof Figure 7, the Sine and Cosine

squaring paths share the current mirror. The garmsturrent at the output is removed by
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P33. This circuit always sinks a current for positiaed negative values ofdue to its
square-law behavior.

When the sine and cosine components are squaredswandhed, the output
currentloytr which has the amplitude information is still iretequare form. To obtain the
square root ofoyt, a diode-connected complementary circuit that sggia square-law
current is required. It is obtained by rebuildihg tircuit with PMOS mirrors instead of
NMOS mirrors. Such a diode-connected circuit (ingodl output being shorted) is shown
in Figure 8. When not diode-connected, the ciredilt always source a current for both
positive and negative values of the input voltageepicting the complementary behavior
to the circuit in Figure 7. Similar t833 of Figure 7,N42 removes the DC quiescent
current at the output. The diode connection enginashe output voltage is proportional

to the square-root of the curreptfed into the circuit.

VDDa

5.4u/1u 5.4u/1u 21.6u/1u

—| E P31 —| E P32 VLT—| E P33
Sir&ul Cos(wt)c'_ + lout

Lo Lo e

1lu/1u lu/1u 1u/1u 1lu/1u
- - - -

Figure 7: A Novel CMOS Squaring Circuit
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Figure 8: Complementary diode connected Squarewitir

Since the current gain of three is set by a rgtiggm (Figure 4c) and the,
values in turn set by the quiescent currents, leyedesing the quiescent currentgip, the
gain is reduced as the amplitude tends to grow.iiilherent non-linearity of the current
gain block could also be used to limit the ampktwaf oscillation [6]. As the amplitude
grows, g decreases, reducing the incremental gain. Thikstabilize the oscillation

amplitude and prevent it from growing further.

2.6 SIMULATION RESULTS

The simulations were done inl80nm CMOS process. Few important simulation

results are presented in this section.
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Figure 9 shows the output curreny;; for both the inverting and non-inverting
transconductance elements. The application reqainesutput signal swing dfOmV -
50mV peak-peak. As we can see, the currents are Ifoearswing of +/-100mV around
the V1. This ensures that the resistor is linear whenstgeal changes around thgr.
The plots are obtained for a bias currenfl@iA. The solid line is the output current of
the inverting transconductance and the dotted lmethat of the non-inverting
transconductance.

The Wien Bridge network produces both in-phase amadrature components
(Sine and Cosine) as required by the applicatipnTie voltagesyYr, andVc;, are taken
acrossR2 andC2 of Figure 6 respectively. The corresponding phts shown in Figure
10. Vg, andVc; are in perfect quadrature because they are taltessaa resistdR2 and a

capacitorC2 having the same currentflowing through them.

20 \
-—\Inverting Gm
10—
— ™ e
ER
—~— o
e - ™~
10 N
I~ Non-Inv Gm
20

100 50 050 100
Vin (mV)

Figure 9: Output Current plots for the invertinglason-inverting transconductance.
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Figure 10: Sine and Cosine waves ac@3andR2 at 10kHz.

The transfer characteristics of the squarer cir@iishown in Figure 11. The
output current is shown as a solid line. Therelationship is square-law with respect to
the input voltagev. The output voltage of a diode-connected compleamgncircuit
(dotted line) driven by a square law current igéinwith respect te.

In our application, frequency sweep across theemntinge oflkHz to 10MHz is
very important. The linearity of the sweep is necessary [1] as the digital circuits
incorporated in the spectroscopy chip will measteefrequency of oscillations. Figure
12 shows Frequency v/s Control current. The cusemeps froninA to 25uA to get the
required frequency range. Note that the frequesgyroportional to current at low bias
currents. This suggests that the transistors aegatipg in their sub threshold region
where the device characteristics are exponentighis region, the transconductances are

proportional to the bias current.
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The purity of the sine wave output is very impottior many applications. The
application requires a sine wave with a THD betiamn 25dB [1]. Several simulations
results across process corners and temperatuldedia THD below32dB. This meets

the requirement for impedance spectroscopy.

2.7 CONCLUSION

A novel technique of using CMOS inverter-based dcamductances having a
wide tuning range has been presented. A new naring transconductance element
with high output impedance and wide bandwidth hesnbdiscussed. A new circuit that
provides an output current proportional to the sguaf an input signal voltage is
explained. Simulation results show that THD belo®2dB across process and
temperature variations can be achieved meeting rdgpirements of the target-
application. The simulated power consumptiof.&nW and the estimated areallSOum

x 100um in a typicall80nm process.
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Chapter 3: LC Oscillator

3.1 ARCHITECTURE:

The problem statement of this thesis requires aliensinusoidal oscillator with
very low levels of distortion. This chapter deaishmihe LC oscillator architecture for the
realization of the sinusoidal oscillator. Creatinductors on chip is expensive in terms of
chip area costs. In order to realize large induw#aralues on chip, a capacitor is gyrated
to obtain an inductor, and is tuned with anothgracéor to make an LC resonant circuit.
The chapter discusses the design of the gyratortecithiques used to improve the

harmonic distortion of the sine wave.

3.2GYRATOR:

A gyrator is a two terminal network, whose basicemgpion is that of an
impedance inverter. Figure 13 shows the generuitiof a gyrator. The impedance to
be inverted, Zoap is connected as shown. For the sake of the siitypb¢ analysis, the
transconductance elementg, (blocks) are assumed to be ideal for ngw. is a non-
inverting transconductance element grglis an inverting transconductance element. An
ideal gm, block has zero output conductance and infiniteuinppedance. With these
idealizations, it is clear that the current throulgl loadZ, oap is given byijead = Gma Vin.
This creates a voltage on the lo&dss = gm Vin ZLoap. The inverting transconductance
elementgp converts this voltage to a currapt which is given byi, = gme Vicad- HENCE,

the impedance seen looking into the input of theaty isZ, = 1/(0m Ome ZLoab)-
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Clearly, the gyrator inverts the impedanfieap and scales it with the product of
Om and gme. SO, when a capacitoZ,oap = 1/s*Cioap) is connected as the load, it

transforms into an inductor at the input< s*CLoap / Om Orm2)-

Vin gml VLOAD

ZLOAD

Figure 13: Gyrator - A basic understanding

In a conventional LC tank oscillator, the frequerafyoscillations is varied by
varying the capacitandg. A varactor, which is generally a MOS capacitdrarges its
capacitance when the biasing voltage changes, ihealowing a change in the
frequency of oscillations. The capacitor alwaysdsea bias voltage. and must be biased
in strong inversion or accumulation region of th®©O®FET to get a large value of
capacitance.

The advantage in using a gyrated inductor is thatdbtained inductance is a
function of g, which can be varied by changing the bias currémisugh the it. The

circuits used to realize tlgg,for the LC oscillator will be discussed later iretthapter.
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Figure 14 shows realization of an inductor with yaagpr. The loadZ oap IS
replaced with a capacitor. The equivalent inductasimtained i4 = C, / g One. Clearly,

the inductance can be changed by changing

V1

Va
" B —>

L= Cz/gmlgmz

C2

Figure 14: Gyrating a capacitor to obtain an induct

In this analysis, the transconductance elements a&sumed to be ideal, which is
far from reality. In the later part of the thesispn-idealities like finite output
conductance, bandwidth limitation of tgg blocks, inherent delays in routing the wires
connecting the capacitors/transconductance blackeai# be modeled and included. The
Q factor of an inductor is defined &&zfL)/R, whereR is the resistance in the inductor
and"f" is the operating frequency. It should be noted tha of the obtained inductor
is infinite asR = 0. Once non-idealities @, andC are included, a change in tQefactor
of the inductor will become evident.

Once the inductor is realized, an LC tank can bestacted as shown in Figure

15. The frequency of the oscillations will we= gm/C (assumin@m = gme =gm andCy
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= C, = C). This is annotated in the figurgy, is designed to be a function of the control
current (bias current). So, by changing the biasect, theg, and hence, the frequency

of oscillation can be changed.
. |

V1 V,
8m1

Vi

> . {L = C2/8m18m2
c1—

Cl1—T1— Cc2

_|gmlx gm2 _ 1
f= C1+C2 f= L*C1

Figure 15: lllustration of a gyrated LC Tank.

To start the oscillations, a small negative resistas needed in parallel to the LC
tank circuit. Due to the negative resistance, ih ¢@ easily shown from network
theoretical analysis that the poles of the cirauin the right half plane (RHP) of the s-
plane. It is well known that RHP poles makes thelllasions grow exponentially. The
negative resistance is killed when sufficient atoplé is reached. At this point, the poles

fall back to thgw axis. Poles on thgv axis maintains steady oscillations.

25



3.3 NON-IDEALITIESIN A GYRATOR

In the previous analysis, the transconductancekbl@ere assumed to be ideal,
being independent of frequency of operation andh wifinite output conductance. This
gave us an infinite-Q inductor. In this section, avalyze the behavior of the gyrator and
the quality of the inductor produced when non-idesl like finite output conductance
and finite bandwidth effects of, is brought in the picture. This allows a desigizeget a
perspective of how critical the elements like otitponductance / bandwidth etc are for
determining the quality factor of the inductor.

Figure 16 shows the output conductamgee of the transconductance blogks
being considered for analysis. This comes in paralith the capacitoC, as shown,
whereRy; = 1/go; andRy, = 1/gee. The inductor obtained by gyration will now have a
series resistance whose value is givenlioyg.»Ro1, degrading the Q of the inductor.
The Q of the inductor (assumiiggs = gre = gm andCy; = C, = C) will be given byQ =
On/Jo1 at the frequency of oscillatiow = g,/C. The output conductanag, of the
inverting transconductance blogky will occur in parallel toC;. In order to get the
circuit to oscillate, a negative resistance is gsvaeeded to cancel bd®; andRy,. This
negative resistancdi(y) is added in parallel t€;. Simple analysis would show that for
the oscillations to start, the conditidyR, + C,Ry < 0, (whereR; is a parallel
combination ofRy; andR.g) Must be satisfied so that the poles move to e half
plane. Once the oscillations start, to maintaiteady amplitudeCiR, + C;Ry; = 0. Note
that the DC loop gain is negative and its magm{gghRo10m2R2| > 1 must be true. The -

ve resistance needed for sustaining oscillatioeassly computed.
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V1

V1 Vv,

8m1 :> 1/(gm18m2Ro1)

Roz § I L= Cz/gmlgmz

Figure 16: Effects of Output Conductance

We now consider the effects of finite bandwidthhafihite output conductance of
the transconductance blocks. Let the non-invertirammsconductance blockgm be
modeled agmew = gm/(1+9 «p). Figure 17 shows the inductor L, realized by gpgC,

when a bandwidth-limited transconductance elematit finite output conductance is

used.
V1
Rew
V1
:> 1/(gm18m2Ro1)
1 R02§ a_ L= (CRo1 + 1/wp)/

p— Zm18m2Ro1

Rpz C1 . =4

Figure 17: Effects of finite bandwidth of,g

Bandwidth limitations of they, element introduces an additional resistsw

which is a Frequency Dependent Negative Resistéfio&lR) whose value is given by
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Rew = -afC, / OmOmeap. It also changes the value of the inductance #yighut

considering the product &, andRy;: which is practically very large comparedl@y;.
From this analysis, we see that to get a high Qatat, the design effort must

focus to reducgp;. A discussion on the design of such transconduoetdnock will be

discussed in the next section.

3.4 TRANSCONDUCTANCE ELEMENTS:

The gyrator is built with two transconductance edats. The important factors to
consider while designing thm, elements is the output conductance and the batiuwfd
the gn blocks as explained before. The architecturesrdatizing a transconductance
block has been explained in Chapter 2, Sectionh& Jame circuit will be used in the
design of the LC Oscillator. The inverting transdoctance d¢.p) of Figure 15 is
implemented as shown in Figure 3a and the non-imgeitransconductancegyf) is
implemented as shown in Figure 4a. The biasinquitgcbased on varying the supply
voltage of an inverter by changing the bias cursgiitremains the same as in Figure 5.

Quiescence cancellation gy allows us to have very logy and hence, the Q of
the inductor obtained by gyration will be very larpecaus€ = g./go: at the frequency
of oscillation). The use of minimum sized mirroedps to keep the bandwidth as high as

possible.

3.5 SHUNT SCALING

To achieve low frequencies of oscillation, we né@de capacitances. In this
section, we present a new technique of scalingépacitance using shunt feedback. In

the well known Miller multiplication shown in Figerl8, the capacitdC across a gain
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block of gain A will look like (1+A)C at the input of the gain block. This structure
provides a grounded capacitance of vdllieA)C. This scaling is brought about because
the voltage swing around the capacitor is boosfetya facto(1+A). From the figure,
Vx = -AVi, making the voltage across the capacitor taBeA)Vi,. This makes Miller

multiplication of capacitance a voltage-mode operat

Vin

n——

—>

Cl = (1+A) C

Vin VX

Figure 18: Miller Multiplication to scale capacitan

In modern CMOS processes, PVT variations causesifisgnt change in
parameters of a transistor and hence, the #aiegative feedback around a large gain
OPAMP to realize a finite scale factdwould consume a large amount of power. Figure
19 shows a technique of obtaining a finite, PVTetaht gain. The obtained scaled
capacitanceC; is given byC; = (1+gm/gm)C. The gain/scaling factql+gm/gme) IS a
ratio of the transconductancggs andgne, both of which will scale with PVTimproving
the PVT tolerance of the circuit. The valueQafis purely capacitive as long as the gAin
is large.Vx is required to be at virtual ground for all praatipurposes, so that the output

conductance ofm andgne blocks wouldn’t affect the gain much. This is gbkswhen
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Ais large. From the figure, basic analysis yielts following resultsVx = -(gm/Agm2) Vin

<&
- Dol 1 = L

Ci = (1+gm1/8m2) C

andVy = -(gm/Qmo) Vin.

C
||
|
Figure 19: Miller Multiplication with a PVT toleramgain.

As the supply voltage scales down, it would beidlift to support large signal
swings at the output of the gain elements, makindeMmultiplication to scale the
capacitance becomes difficult in a low supply vgdtatechnology. In Figure 20 we
present a technique which uses current mode tewbsitp scale the capacitance. The
current through the capacit@ is sensed. For a sufficiently large gan Vx can be
assumed to be at virtual ground. The curidenthrough the capacito€ flows through
Ome- If VX is at virtual ground, it wouldn't load the capacito sense the current. This
generates a voltag®y = Ic/ gme. Thus, the total current drawn from the inptwould

beli, =Ic+ gmiVy. Hence, the effective capacitance gets scaledfagtar (1+ gm/gme).
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C1=(1+8m1/8m2) C

Figure 20: Shunt Scaling for boosting Capacitance.

The key feature of this circuit is the use of catrenode operation for scaling the
capacitance. In the analysis, it was assumedvthi at virtual ground by considering a
large gainA, which made the loading effect on the capacitob¢oO. In reality, the
capacitor will be loaded when the current is sertssrhuse of finite impedance seen at
VX. The impedance seen by the capacitorl/ig.,. In the final expression of the
impedance seen at the input, this shows up assaae® = 1/A(gm+dme) in series with
the scaled capacitan€g, degrading th&) of the capacitor. So, the choice Atdepends
on the application and available error toleranaetifics block. If a high Q capacitor is
needed,A should to be increased. If the amplitude of inteiessmall, scaling the

capacitance by Miller multiplication would yieldnegh Q capacitor than shunt scaling.

3.6 OSCILLATOR STRUCTURE

In this section, the dynamics of the oscillatoexplained. For the oscillations to
start and be sustained, we already saw the neadegative resistance. This is obtained

by applying a feedback on a non-invertigg element. The value of the negative
31



resistance thus obtained would Bgc = -1/gms and is as show in Figure 21. The final
. |

V1 A

gml

oscillator block diagram is also shown.

gm3 ——

Figure 21: LC Oscillator Block Diagram

When the oscillator circuit is powered on, the omitponductanceo; andgg, are
small compared t@,s. Hence, the negative resistanRges, (Rnec =1/gms) is small
compared tdryp,. The effective negative resistan€®,is a parallel combination d?\ec,

Roz andRos (Ros = 1/ges) which is the output impedance gis. This value turns out to be
a negative number as long BRgec < Roo||Ros. From Section 3.4, we saw that for the
oscillations to startCiR, + C,Rp; < 0. This condition can be easily met when the
magnitude oR;is sufficiently large sinc®;is negative.

As the amplitude of oscillation starts to grow, th&put conductances,, go, and
Oos increases because of the signal induced DC compoHenceR, changes to a point
where the conditiol€;R, + C;Ry; = 0 becomes true. At this point, the poles are orjwhe
axis. If the amplitude changes further, th@m, + C,Ry; > 0 making the poles to move
to the left half plane. Thus, the amplitude stab#i and remains constant. In summary,

we use the direct dependence of output conductamdbe quiescent current to stabilize
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the amplitude of oscillation. The quiescent curremtreases with the amplitude of

oscillation due to the nonlinearity of the FET n#yrthe square law. This technique has
been well described in [6]. In essence, the amditof oscillation is proportional to the

negative conductancé/Rneg).

Figure 22 shows the circuit schematic of the aawl. V.t and VDDa are
generated from the biasing circuit discussed in p@ra 2. The non-inverting
transconductance elemamyt; is implemented with the transistdPd- P4 andN1 - N4 as
shown. TransistorB2 andN2 remove the quiescence and makes the output carect
at Voue very small. This was explained in great detaiCimapter 2. TransistoR5 andN5
form the inverting transconductance elemgpt The capacitance chosen is 10pF due to

area limitations.

VDDa

3.5u/ 3.5u/ 3u/ 770n/
180n 180n 1|80n 180 1u/
—| P1 —| E:z P3 I 180n
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—| N1 _| N2 N3 |—_| N4 180n 2u/
1u/ 1u/

1u/ 220n/
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i _l N7
Inverting 20/

500n

Non-Inverting g, Em
Figure 22: Circuit Diagram of the LC Oscillator.

From Figure 21, we saw that a feedback arouggl @lement realizes a negative
resistance of valuBnec=1/gng. We notice that both. andgng share the same input and

since both are non-inverting transconductance et&snéhe transistorBl, P2, P3, N1,
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N2, N3 can be shared. Thugy; is formed by the transistoRdl - P4 andN1 - N4 andgqs
is formed byP1 - P3, P6, P7 andNL1 - N3, N6, N7. This reduces the area requirement and
power significantly. The netgp; connects the gate of boB# andP6, V1 connects the
gate of botiN4 andNe6.

The negative resistance element is degenerated.dBigieneration is provided by
P7 andN7 as shown, in order to limit the amplitude of dstibn. The degeneration is
not achieved with a constant gate biasPi and N7, but rather making them signal
dependent to make the degeneration more effedienV; increasesyp; reduces. So,
for effective degeneration, the gate voltage Rdf has to increase, making7 less
conductive. So, by tying up the gateRyf to Vi, we achieve the task of pulling the gate
high. By degenerating, we reduggs. This means thawes is very large. So, when the
effective -ve resistand®; is considered, the conditidyR, + C,Ry; = 0 can be achieved
at a smaller amplitude. The amplitude of oscillatis proportional to the negative
conductance@,z. By degenerating the negative resistance, i.eedsig the value @,

the amplitude of oscillation is reduced, in turdueing the distortion.

3.6 SIMULATION RESULTS

An important factor in the design of a gyrated icidu is the Q of the inductor.
Figure 23 shows the plot of the Q of the inductotamed by gyration when tuned with a
capacitor. The circuit setup is as shown in Figlse This Q is plotted against the bias
current used to vary the transconductance of tihatgyy It can be clearly noticed that the
Q degrades for low currents and as the bias cwnectreases, the Q of the inductor
improves. This is an indicative that the distortairhigher frequencies is less than that at

lower frequencies.
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Figure 23: Q of the tuned circuit v/s Bias Current.

Figure 24 shows the |-V characteristics of the tiggaesistance block. It is clear
that due to degeneration, the I-V relation beconwslinear and the gain reduces as the

voltage increases. This is a key factor limiting #mplitude of oscillation.
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Figure 24: 1-V Characteristics of negative Resistan
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The obtained sine wave¥) is shown in Figure 25. The sine waves are at a
frequency of 5MHz. The Total Harmonic DistortionHD) of the obtained sine wave

was found to be -32dB.
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Figure 25: Sine wave output of the LC Oscillator

To obtain different frequencies, the bias currenthanged from 10nA to 40uA.
The Frequency-Bias current relation is plotted iguFe 26. It is clear that the relation is
linear (the plots are in log-log scale). The fraggyeof oscillation in the gyrator is given
by f = gW/2xC. gn is a linear function of the input bias currensirb-threshold region and
varies as square-root of the bias current in stiongrsion. The plot clearly specifies that
a wide range of low-frequencies are obtained byaipey the transistors in sub-threshold
region where the transconductance is proportianéhe bias current. As the bias current
increases, the devices move to strong inversiontla@drequency is no longer a linear

function of the bias current.
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Figure 26: Frequency of Oscillation v/s Bias Cutren

From extensive simulations, it was observed thaflibtal Harmonic Distortion of

the sine wave is better than -30dB across theeedyinamic range.
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Chapter 4: Future Work and Conclusion

Few directions for future work to improve the penfiance of the oscillator will

be illustrated in this chapter.

4.1 CASCADED WIEN BRIDGE NETWORK

From Table 1, we saw that the transfer functionsff, is a bandpass response
with 2 poles. The Q of this response can be imptdwe having fractal stages as shown
in Figure 27. A single stage response has a -20ztBdpcade roll off from the center
frequency. By cascading multiple stages as shdwenrdll off gets scaled by the number
of stages. In other wordkg/lin will be a 6 pole bandpass response with a shdrpffo

of -60dB per decade from the center frequency.

31,

CD é y C o 30) Y \ ; o (D é Y : -

Figure 27: Cascaded Wien Bridge Network

This architecture can have a better distortion ifpaton compared to the single
stage counterpart. It manifests as a direct trdflbedween power and distortion. Having
3 stages will triple the power consumption. Thisasnething which future designers can

look forward to and try to improve the power/penfiance metrics.
Iin

As stated in Chapter 2, the gain relation whiclgiieen byI3 = W can
(ARSI TY

have an alternate solution whége= -li, whenC; = -C, andR; = -R;. The implementation
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of a negativeR andC consumes more power than gaining the signal actoif of 3. If
new techniques to implement a negafrandC which consume less power is designed,

it could substitute the requirement for a gain ai $he Wien Network.

4.2 LINEAR TRANSCONDUCTANCE ELEMENTS

Linear transconductance elements, which can maiitsiinearity across a wide
input range is required in order to get a very ldstortion oscillator. An NMOS or a
PMOS transistor as such will have poor linearitynpared to the inverter used in this
design. The problem with the inverter is the inhemismatch between the PMOS and
NMOS transistor, which makes it hard to match treerd maintain a lineag,, across a
wide range of inputs.

Figure 28 shows the design of a linear transcomduethich makes use of just
NMOS devices to obtain higher linearity. The ideshibpd this circuit is the following.
Following the convention introduced in Chapter Ztiom 3, whenf(v) and f(-v) are
subtracted, the even components disappear. fl@re foen(V) + foqa(v). In an inverter,
the NMOS generatd$v) and PMOS generatésv). The problem with this is gettirfgv)
due to PMOS the same #8) due to NMOS. In the circuit of Figure 28, we makee
that bothf(v) andf(-v) is being generated by a NMOS, so that we do net laaproblem
of matching the NMOS and PMOS.

A currenti; = f(v) is generated by the transistg. Transistord?2 andPN3 are
used to generates, which is a unity-gain inversion. The connectionnfigra gain stage
whose gain is given bgmwe, / grens ignoring channel length modulation. We need to
make sure that the gain is unity across a larggera input signals. This inverted signal

is then applied tiN4, which generates = f(-v). Note that the DC gate bias NP is at
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ViT. So, the source dPN3 (which is connected to the gate Mfl) must be at a DC
potential equal td/ 1. This is possible wheR2 andPN3 are sized the same and when
VDDa = 2xV,1. Currentiy is inverted using the current mirro8 and P4. iy IS then

given byi»-i;. Hence, the even components are canceled outhmake circuit more

linear.
VDDa
VDDa
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N |out— gm X Vin
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Figure 28: Inverting Transconductance Element
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Figure 29: Non-Inverting Transconductance Element
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Figure 29 shows a non-inverting transconductaneeneht based on the same
principles. Here, instead of invertimgusing the mirrors is inverted. Hencagy = io-i1,
making the circuit a non-inverting transconductabloek.

The squarer circuit described in Chapter 2 canusthdr improved using the
above idea. To obtain a transconductance elenteng turrents; andi, are subtracted,
which cancels the even component. To make a squheetwo currents are to be added.
The addition can be done by just tying the outpfitd2 andN4. Techniques of removing
the DC component, taking the square root etc haady been described in Chapter 2.
The problem with designing a complementary cirdait taking the square root is the
following. The circuit will use PMOS transistors toeatef(v) andf(-v). Generatingv
with NMOS transistors using @/dn technique faces problems of back gate bias unless
an expensive triple well process or an SOI progesssed. This is something which

future designers can explore further.

4.3LC OSCILLATOR IMPROVEMENTS

The Q of the obtained inductor is highly dependanthe output conductance of
gm1l as seen in Chapter 3. This can be canceled asiregative resistané& 1/g,y as
shown in Figure 30Lower distortion levels can be obtained by the e#aiton. This
would be a trade-off with power because of the @altil non-invertinggm block.

To achieve low frequencies of oscillation, we govery low currents (tens of
nano-Amperes). In short channel technologies, ftllestonductance of devices to start
with are very large and leakage issues dominal@aturrents, making the problems of
generating low frequencies even harder. So, degtoertechniques should be used to

limit the g, of a circuit. Also, in the non-inverting transcartance block discussed in
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Chapter 2, the mirror gain can also be used torabtite g,,. The mirroring ratio decides
what fraction of the signal current reaches th@wotut

Well known cascoding techniques can be used toceethe output conductance
of the g block. Cascodingym would be highly important as thgy of this blocks
determines the Q of the inductor. The extent of memities in the circuit entirely

depends entirely on the application.

X

V1 vV
gm1 .

I/

R 8ma

y e

Figure 30: Improvements in LC Oscillator

4.4 CONCLUSION

This thesis focused on designing a low frequenoyssidal oscillator, with a
tuning range oflkHz to 10MHz Two architectures of oscillators, namely the Wien
Bridge and the LC architecture were realized it8@m CMOS process. Novel circuits
for linear transconductance elements, squaringlitiricamplitude detection circuits etc
has been implemented and explained. Simulatiortseshows that the Total Harmonic
Distortion (THD) was better than -30dB across psscand corners, which meets the

specifications of the target application.
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