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Abstract

In this thesis, the development and implementation of a new precision RC-
locked oscillator topology suitable for wireless sensor networks (WSNs) is
described.

The objective of this thesis was to investigate the performance of the
proposed topology and to compare this with the state-of-the-art in terms of
accuracy and power consumption.

The new oscillator was implemented in a 0.16 ym CMOS process. Despite
a few bugs, the prototype was sufficiently functional to be tested. It achieved
a frequency inaccuracy of £0.9% (3¢ based on 12 samples) from -40°C to
125°C, consuming 37 W power. The achieved performance is comparable
to the state-of-the-art, for a wider temperature range and for significantly
more samples.
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Chapter 1

Introduction

As IC technology improves, it becomes cheaper, its feature sizes shrink and it
is possible to benefit from larger scale applications. For example, while only
12.4 million people had cellular phone subscriptions in the early 90s, within
two decades, this communication network had expanded to include approx-
imately 4.6 billion people [1]. In the near future, considering this speed in
technological development, it will not be surprising to live in smart buildings
that become aware of their residents and automatically adjust the living en-
vironment for maximum comfort, or to see doctors monitoring the healthcare
of the patients from their screens and intervening with a simple mouse click
[2]. Answers to all these and similar needs may come from wireless sensor
networks (WSNs). WSNs consist of a large number of energy-autonomous
nodes. Each node senses several physical parameters, such as temperature
and light intensity, and transmits the acquired information through the net-
work until it is collected by a central data sink.

As a WSN node becomes more functional, its circuit-level density in-
creases as well as its power consumption. Considering that the lifetime of a
sensor node depends on its battery and that the replacement of a battery is
often impractical, ultra low power (e.g. below 100 W) architectures have to
be realized [3].

In addition to the low power requirement, WSN nodes must be cheap and
small. A substantial fraction of the cost and size of a WSN node is deter-
mined by IC packaging costs and off-chip components, respectively. Both cost
and size can be significantly reduced if the number of off-chip components
is reduced. Crystal oscillators are common off-chip electronic components
which are often used as frequency references [4]. Therefore, the frequency

1



Chapter 1

reference’ must be fully integrated in the same standard IC technology as

the rest of the electronics.

The main function of the integrated frequency reference in a WSN node
is to facilitate RF communication. An accurate frequency is needed to ap-
propriately select the portion of the RF spectrum that is used for inter-node
communication. Moreover, accurate time information is needed to synchro-
nize each node with the rest of the network, and to shut down the node
when it is not needed. A high-accuracy time reference results in accurate
synchronization, a lower duty-cycle and consequently lower power consump-
tion. However, integrated frequency references typically suffer from reduced
accuracy. Designing a reference with sufficient accuracy within a limited
power budget is a challenging task.

State-of-the-art WSN topologies require CMOS frequency references with
accuracy in the order of 1% and power consumption lower than 50 pW over
a wide range of temperature [16].

In chapter 2, possible implementations of fully integrated frequency ref-
erences are presented. As an alternative, a new frequency reference is intro-
duced in chapter 3. The circuit level implementation of the new frequency
reference is described in chapter 4 and, finally in chapter 5, the measurement
results are presented. The thesis ends with some conclusions.

IThe expressions “oscillator” and “frequency reference” are interchangeable.
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Fully Integrated Frequency
References

As mentioned in chapter 1, a WSN node requires a fully integrated frequency
reference that consumes low power (50 pW), is moderately accurate (in the
order of 1%) over a wide temperature range, and which can be realized in
standard CMOS technology. Fully integrated frequency references can be
categorized as: Feedback [5, 7], relaxation [18] and locked [6, 8, 9, 10, 16]
oscillators. In the following sections, the operating principles and important
design issues of these oscillators are briefly described.

2.1 Feedback Oscillators

In feedback oscillators, a feedback system is established and the oscillation
condition is satisfied by Barkhausen criterion. Therefore, the oscillation sig-
nal has a sinusoidal waveform. LC-based, Wienbridge and ring oscillators
are commonly implemented feedback oscillators. In the following part, the
principles and the accuracy limitations of LC-based [5] and wienbridge [7]
oscillators are summarized.

2.1.1 LC-based reference

The block diagram of a typical LC-based reference is shown in figure 2.1.1.
This reference consists of two main parts: a resonant tank and an active
circuit. The resonant tank includes an inductor and a capacitor. The active
circuit compensates for the losses of the tank and sustains the oscillation.
The oscillation condition is satisfied when the active circuit compensates for
the losses of the tank and the phase shift across the tank is zero. It is desired

3
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Il
i(1) E R, (1)

Figure 2.1.1: Block diagram of L.C-based reference

that the oscillation frequency is only determined by inductor and capacitor
values. The resistive losses of the inductor limit its quality factor and as a
result such losses can be the dominant source of inaccuracy. An important
consequence of having low inductor quality factor is relatively high power
consumption. The active circuit has to compensate for the losses of the tank
and so as the losses increase the active part requires higher g, values, or sim-
ply, more power. In literature [5], a new passive temperature-compensation
technique is demonstrated where a lossy capacitance is deliberately intro-
duced to cancel the loss in the coil. This passive compensation technique
significantly reduces the power consumption and the noise compared to the
use of active compensation circuitry. An accuracy of 300 ppm is reached in
the temperature range from 0 °C to 470 °C. However, the power consump-
tion of the frequency reference is around 4 mW, which is too high for use in
WSNs.

2.1.2 Wienbridge oscillator

The Wienbridge oscillator is an example of a feedback oscillator that consists
of an amplifier and a RC feedback network as shown in figure 2.1.2. The
transfer function of this feedback network is written as in equation (2.1.1):

B R.C.s
 R2.(C2.524+3.RCs+1
The Barkhausen criterion requires using an amplifier with a non-inverting
gain of 3 and zero phase shift. The resistors Ry and Ry are used to adjust
the gain of the amplifier to 3.

H(s) (2.1.1)
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The oscillation frequency can be expressed as:

1
Jout = 2.1.R.C

where R and C are the values of the resistors and capacitors used in the
feedback network.

(2.1.2)

/
:

Ri1 §F{ —cC
?Rz

Figure 2.1.2: Block diagram of Wienbridge oscillator [7]

As can be seen from equation (2.1.2), ideally the frequency is determined
by the resistor (R) and capacitor (C) values in the feedback network. How-
ever, in practice, the non-idealities of the opamp (e.g. its finite output re-
sistance and phase shift at the oscillation frequency) affects the frequency.
In addition, even though it is not shown in figure 2.1.2, the output signal of
the opamp has to be limited by an amplitude regulator and this circuit also
strongly affect the temperature coefficient of the output frequency [7]. To
reduce these effects, gain boosting and current bleeding techniques are used
at the expense of power consumption. In [7], a temperature coefficient of 86
ppm /°C (from 0 °C to 4100 °C), -172 dB (at 100 kHz) FoM phase noise and
66 W power consumption is reported. This oscillator can be used in WSN
applications. However, its power consumption is still somewhat higher than
desired (50 uW).

2.2 Relaxation oscillator

A relaxation oscillator is an oscillator based upon the iteration of charging
and discharging a capacitor. The conventional topology is shown in figure
2.2.1. The oscillation takes place as follows: 1: While the capacitor, C, is
charged by the current, I;, the voltage Vi, rises; 2: If Vs > Viign, the

5
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Figure 2.2.1: Conventional Relaxation Oscillator

comparator sets SR-FF, closes the switch STW; and changes the state of the
oscillator into discharging phase; 3: V. falls while C' is discharged by I; 4:
If Vose < Vhign, other comparator resets SR-FF, closes the switch ST, and
the state returns to charging phase.

The main issues of this oscillator are as follows: 1: The variation of com-
parator’s delay t4 results in frequency variation with voltage and tempera-
ture; 2: The aging of the current sources degrade the accuracy of the slope of
V,sc and varies frequency; 3: The flicker noise of the current sources degrade
the accumulated jitter. A simple solution to obtain an accurate oscillation is
to nullify ¢4, however, this approach requires consuming huge power in the
comparators so that it is not a low power approach. In literature [18], voltage
averaging feedback (VAF) concept is introduced to overcome this trade-off.
The topology is shown in figure 2.2.2. It consists of a relaxation oscillator
with resistor, R, and capacitor, C, and an active integrator for VAF. The
oscillation takes place as follows: 1: Assume the switches SW; and SW, are
close, and SW3 and SW, are open, so Vs and V4o are grounded; 2: SW;
is open, SWj is close, V1 starts to rise up to Vgg and this signal is trans-
mitted to the integrator via transmission gate; 3: V. is filtered out by the
integrator to become V,; 4: If V.1 exceeds V., the SR-FF toggles the states
of the switches, then, V. starts to rise up to Vygg while V4.1 is grounded.
The relaxation oscillator part is considered as a voltage-controlled oscillator
with a control signal V.. At the steady-state, the DC value of V. is equal
to V,.r so that there is no charge accumulated by the integration capacitor,
C, so that V. stabilizes and the oscillation is locked.

In [18], it is proved that the oscillation frequency is just defined by a time
constant RC' and V,r/Vgq. Since V,.s is a function of Vg4, the oscillation
frequency is immune to supply variations. The variation of the comparator
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Voltage Averaging Feedback

Relaxation Oscillator

Figure 2.2.2: A relaxation oscillator with power averaging feedback

delays has little effect on the frequency, because, the feedback system auto-
matically adjusts V. to keep the equilibrium condition. Therefore, VAF has
a negative-feedback effect. Another advantage of the topology is that the low
offset frequency part of phase noise of the relaxation oscillator is suppressed
by this effect. In [18], 23 ppm /°C accuracy (from -40 °C to +125 °C), -146
dB (at 100 kHz) FoM phase noise and 45 uW power consumption is reported.
This oscillator can be used in WSNs.

2.3 Locked Oscillators

In a locked oscillator, a voltage/current that is proportional to the output
frequency of a VCO is produced by a converter block and its output is com-
pared to a reference voltage/current that is proportional to an RC or thermal
delay. An integrator drives the VCO on the base of the result of the com-
parison. The simplified block diagram of a locked oscillator is shown in
figure 2.3.1. The frequency accuracy is determined by the precision in the
conversion between time and voltage/current and in the mechanism used to

7
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V a RC
_{ ’_ '/-D Integr. —»output
N VCO

f-to-V

Figure 2.3.1: The block diagram of a locked oscillator

produce a voltage/current proportional to the resistor and capacitor. Dif-
ferent techniques can be employed to implement such blocks but the use of
any additional circuit can spoil the frequency accuracy, compared to simpler
architectures as it will be shown in the following examples. The main advan-
tage is that even though a VCO is used in the system, the frequency accuracy
of the reference only depends on the accuracy of the passive components. In
this way, for example the jitter performance of the VCO is decoupled from
the accuracy of whole reference.

In the following part, the principles and the accuracy limitations of two
different implementations in [8] and [9] are summarized.

2.3.1 Electro-thermal filter (ETF) based reference

An electro-thermal filter (ETF) is a system whose inputs and outputs are
electrical but in which the filtering takes place in the thermal domain. The
block diagram of an ETF is shown in figure 2.3.2. It consists of a heater and
a temperature sensor. The filter’s input is the electrical power that drives
the heater and turns into heat. The heat propagates through the silicon
substrate and generates temperature gradients. The temperature gradients
are then converted back to the electrical domain by the temperature sensor
[10].

The block diagram of the ETF-based frequency reference is shown in fig-
ure 2.3.3. This is an example of a locked oscillator. An oscillator is locked to
the propagation delay through the silicon, so that its period is proportional
to the time taken by the heat wave to travel from the heater to the temper-
ature sensor. The phase - frequency characteristic of the ETF then defines
the oscillation frequency which can be written as':

!This formula only applies for the point-heater point-sensor ETF.
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Figure 2.3.2: The block diagram of an ETF

D 2
f - ¢r23f

s
where ¢, is the phase of the transfer function, D is the thermal diffusivity of
the silicon and s is the the distance between the heater and the temperature
Sensor.

(2.3.1)

vCO

F®— >
*®*I/ o

Figure 2.3.3: The block diagram of ETF-based frequency reference

The accuracy of the ETF-based frequency reference is limited by the
accuracy of the thermal diffusivity of the silicon, D and the distance between
the heater and the temperature sensor, s. The spread of D is practically
zero in modern CMOS technologies and is therefore negligible. Therefore,
the dominant source of error is the spread of s, which is determined by
the lithographic accuracy of the process. The relative error As/s can be
reduced by increasing s, however increasing the distance degrades the signal-
to-noise ratio of the filter output and hence the noise performance of the
oscillator. Increasing the heater’s power dissipation can compensate for this

9
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cfiaryeg chop

comparator
Vi Q{cfiargeg Vi

chop

it §F

Figure 2.3.4: The block diagram of mobility-based frequency reference

effect. Technology scaling will also downscale the power consumption while
keeping the accuracy and the amplitude of the filter output signal. However,
even after scaling the ETF proposed in [11] from 0.7 pm CMOS to 65 nm
CMOS, the heater power would only scale down from 2.5 mW to around
250 uW which is still too high for WSNs. In [11], £0.1% (from -55 °C to
+125 °C) frequency inaccuracy, 312 ps (rms) period jitter and 7.8 mW power
consumption is reported.

2.3.2 Mobility-based reference

A mobility-based reference is based on a current-controlled oscillator, in
which the current is proportional to the charge mobility [16]. The block
diagram of the system is shown in figure 2.3.4. It consists of a current refer-
ence, Ip, two capacitors C'4 and Cg and a comparator.

Ip is used to linearly discharge C'4 and C'z which are alternatively precharged
to V1. When the voltage on the discharging capacitor drops below V5, the
output of the comparator switches and the linear discharge of the other ca-
pacitor starts immediately.

The frequency of the oscillation is determined as:

Co'p Vi
C Vo=V

where p, is the electron mobility, C' = C'y = Cp, C,, is the gate capacitance
per unit area, Vg is the reference voltage, W and L are the width and the
length, respectively, of a transistor used to generate Ip.

The offset of the comparator is an important source of error, because,
it modifies the reference voltage, V.o and alters the switching time of the
comparator’s output. The two multiplexers at the input of the comparator

fout = ,unk (232)

10
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are driven by the signal chop to mitigate this effect. In [16], frequency spread
of £1.1% (30) (from -22 °C to +85 °C), 52 ns (rms) period jitter, 0.1%
relative jitter (after one second) and 41 uW power consumption is reported.
This oscillator can be used to generate a reference frequency accurate enough
for WSNs and the architecture is both low-voltage and low-power, as required
by autonomous sensor nodes.

2.3.3 Frequency-to-voltage conversion-based locked loop

The block diagram of the oscillator designed in [8] is given in figure 2.3.5.
The output of the VCO is converted into voltage by a frequency-to-voltage
converter and this voltage is compared with a reference voltage (V,.r). The

difference between two voltages is integrated and fed back to the input of the
VCO.

VREG :
]
Rsu)- TCo | C
]
| I
VREG SW

1
Veapl__~1 | Y Q.
Q Vi 2 [ out

Frequency to Voltage
Converter <

[ ————— ——————— T —— ————

Figure 2.3.5: The block diagram of the frequency-to-voltage conversion based
locked loop [§]

The operation of the circuit may be explained by dividing the operation
into three different states which are resetting (RST), conversion and switch-
ing (SW). The timing diagram is shown in figure 2.3.6. During the reset
phase, RST = 1, V,,, becomes equal to Vggg, the regulated supply volt-

11



Chapter 2

age. The conversion phase starts when signal ) which is the output of the
frequency divider is equal to 0. In this phase, the capacitor C is charged
by a constant current (/,.r) which is obtained by the help of an amplifier,
source follower and integrated resistors. Therefore, the V., voltage level
decreases. Next, during the switching phase, SW = 1, the charging action
of the capacitor Gy stops and the available V., voltage is compared to V,.¢
through the switched capacitor loop filter. The charge difference on Cy, due
to the voltage difference between V,.; and V., is transferred to C; and Vg
voltage is changed. As the V., changes, the oscillation frequency (fou) is
adapted. Due to the negative feedback, V,, reaches V,.; at the steady state
and the desired frequency is achieved.

| /4
v LT ]
Q B |

>

time
Figure 2.3.6: The timing diagram of the system shown in figure 2.3.5

The resulting frequency can be written as:

3-‘/comp
Q.R.Co.VREG

As can be seen from equation (2.3.3), ideally the frequency is determined
by R, Co, Vrre and Viump. The regulator voltage is relatively process and

fout - (233)

12
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temperature independent, because it is obtained from a bandgap voltage
reference. Vom,p is derived from Vgzgpe and as such it is also process and
temperature independent. The V., is obtained using a linear temperature
compensation circuit in order to obtain same temperature dependency of R,
so that the temperature dependency of V., and R is cancelled. Therefore,
the output frequency is only sensitive to the process variations of R and C,
and the temperature variations of C,.

As in the case of Wienbridge oscillator, the amplifier is the critical part
of the design. The amplifier A; will introduce an offset voltage (AV.r)
and cause a frequency error at the steady state. The input referred offset
voltage of A, causes an offset (Alf) in I,.s. Since I,.s is interacting with
the frequency determining elements, AL,y causes frequency error, as well.
Therefore, the offset of both amplifiers may be an important source of error.
In [8], 67 ppm /°C accuracy (from -20°C to +100°C) and 80 yW power
consumption is reported. This oscillator can be used in WSN applications.
However, the power consumption is still somewhat higher than desired (50
uW).

2.3.4 Frequency-to-current conversion-based locked loop

The block diagram of the oscillator described in [9] is given in figure 2.3.7.
The principle of the oscillator may be summarized as follows: The output
of the VCO is converted into current domain by a frequency-to-current con-
verter, compared with a reference current (,.f) by a current comparator
and the output of the current comparator (V) controls the VCO frequency
(fout)-

As in the case of the frequency reference explained in section 2.3.3, I, is
obtained by fixing one end of the resistors to a reference voltage (Vy;qs) with
an amplifier and source follower. The frequency-to-current converter has a
similar structure, but instead of using a real resistor, a switched-capacitor
resistor that consists of a capacitor, C, and two switches, S; and S, are used.
The switches are driven by the oscillation pulses from the VCO. The overall
structure operates as a resistor with a resistance of (Ci. fous) ™! Since Viias
is used to generate both I,.; and I,,, the output frequency is independent
of vbias-

The resulting frequency can be written as:

1
(Rp + Ry).Cs

As it is seen from equation (2.3.4), the frequency is determined by the
resistors ,(Rp + Ry) and capacitor, Cg values.

fout = (234)

13
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Figure 2.3.7: The block diagram of the frequency-to-current conversion based
locked loop [9]

Like the frequency reference in section 2.3.3, the offsets of the amplifiers
Ay and Aj are important aspects of the design. The input referred offset volt-
age of Ay causes a deviation in the reference current (Al.f) and that of Aj
causes the current offset (Al,,:). Both offset currents cause the deviation of
the output frequency. Therefore, using an amplifier for each of the frequency
determining elements is not efficient in term of both accuracy and power. In
9], 90 ppm /°C accuracy (from -20 °C to +100 °C), -96 dBc/Hz (at 1 MHz)
phase noise and 180 uW power consumption is reported. This oscillator can
be used in WSN applications. However, the power consumption is higher
than desired (50 pW).

2.4 Benchmark

The benchmark of the oscillators [5, 6, 7, 8, 9, 16, 18] is shown in table 2.1.

2.5 Conclusion

In this chapter, the operating principles and the frequency accuracy limita-
tions of the oscillators in [5], [6] ,[7], [8], [9], [16] and [18] are discussed. The
performances of these oscillators are summarized in section 2.4.

In section 1, it was mentioned that the state-of-the-art WSN topology

14
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requires a frequency reference which consumes less than 50 uW, has an ac-
curacy in the order of 1% over a wide range of temperature and occupies
low chip area. The power consumption of the oscillators in [5] and [6] is in
the order of mWs and therefore they are not suitable for this application.
The rest of the oscillators’ performances appear to be suited for WSN. How-
ever, in [7], [8], [9] and [18] the reported frequency accuracies belong to only
1 sample, which does not provide any statistical information. Besides, the
power consumption of [7], [8] and [9] are above the desired level. In [16], the
power consumption is low enough, however there is still headroom for further
improvement.

In the following chapter, a new frequency reference topology is introduced
and its performance is investigated. With the new topology, a performance
better than the ones listed in table 2.1 is targeted in terms of power and
accuracy.

16
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A New RC-based Frequency
Reference

3.1 Specifications

As described in chapter 1, the main requirements of the frequency reference
for a WSN node are low power consumption and moderate frequency accu-
racy. Based on the work in [17], targeted specifications are derived for the
new frequency reference and summarized in table 3.1.

The frequency accuracy specification is clarified with the help of figure
3.1.1. For simplicity, temperature compensation is not implemented and the
30 spread of the oscillation frequency in the extreme temperatures is targeted
to be less than 0.2%, after trimming at room temperature.

’ Specification Values
Temperature Range -55 °C to 125 °C
Power Dissipation < 50 uW
Frequency Inaccuracy +0.2% (30)
Output Frequency 250 kHz
Temperature Coefficient < 80 ppm /°C
Initial Accuracy / Trimmed Accuracy (@27 °C) +20% / £0.05%
Process Node 0.16 um CMOS
Supply Voltage 1.2V, 18V
Additional Trimming (Pin Programming)

Table 3.1: The target specifications of the new RC-based frequency reference
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Figure 3.1.1: The frequency accuracy specification

3.2 The Proposed Topology

The proposed RC-based frequency reference topology can be seen in figure
3.2.1. The proposed topology is composed of an RC network, which is shown
as H(f), a mixer, an integrator, a VCO and a frequency divider.

The operation of the building blocks in figure 3.2.1 can be summarized as
follows: the RC network is used to obtain a phase shift between its input and
output (), the mixer acts like a phase detector, generating an output signal
based on the phase difference between its inputs, the integrator integrates
the output of the mixer and the VCO tunes its output frequency (f,.¢) using
the output signal of the integrator. At the steady state, where ¢ = 7/4, the
negative feedback forces the input of the integrator to be equal to zero and
then the RC network fixes the frequency.

From the structural and operational point of view, the proposed system is
very similar to the ETF-based frequency reference explained in section 2.3.1.
In an ETF-based reference, the ETF is used as the frequency-determining
component by means of its fixed frequency/phase characteristic. In the pro-
posed topology, an RC network replaces the ETF.

The loop in figure 3.2.1 can be further analyzed using a mathematical
approach. Assuming that the output of the frequency divider is A;.cos(w.t),
the output of the RC network can be written as Ag.cos(w.t+ ). The output
of the mixer (V,,;,) is calculated as:

Viniz = Aj.cos(w.t + @) X As.cos(w.t) (3.2.1)

18
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Figure 3.2.1: The proposed RC based frequency reference topology

Voo Al.Ag.[COS(2.UJ.; + @) + cos(y)] (3.2.2)
Initially considering that ¢ = 0, then due to the DC term, which is
cos(p)/2, the integrator’s output will start to change. Once ¢ settles to
7/2, the DC term will disappear because cos(¢) = 0 for ¢ = 7/2 . Since
in equation (3.2.2), only a sinusoidal signal remains which is at the dou-
ble frequency of the oscillation, the average value of the V,,;, is zero which
means that the integrator’s average output signal remains constant. Since
this signal is the control voltage of the VCO, the frequency output of the
VCO is locked. Therefore, the oscillation condition of the loop is that the
phase difference of the two input signals of the mixer to be equal to /2. This
phase difference can partially be obtained from the filter and the frequency
divider. For example, in the case of using a first order filter, /2 phase shift
can only be obtained at infinite frequency. Therefore, w/4 phase shift can
be obtained from the frequency divider and the remaining 7 /4 phase shift
can be obtained from the RC filter. This means that the RC filter fixes the
oscillation frequency to the frequency at which it exhibits a phase shift of
/4.

3.3 The Architectural Selection

Considering the theory explained in section 3.2, several varieties of the RC
networks in figure 3.2.1 can be employed. A passive mixer (shown in figure
3.3.1) is chosen due to power considerations and a 1% order RC network is
chosen for simplicity. However, employing such a filter requires the use of a
frequency divider as explained in section 3.2.

Possible topologies are shown in figure 3.3.2, 3.3.3 and 3.3.4. After review-
ing the advantages and disadvantages of each topology, the most appropriate
one is selected for further analysis and implementation.

19



Chapter 3

-I—}(_I —
p— +XX
X —— s ] 1 2
E X e—— _x1x2
Ky —— T—l—-K,XQ
-}{1 S

Figure 3.3.1: A differential passive mixer

In figure 3.3.2, the RC network provides an output signal in voltage do-
main. This signal is multiplied by the reference signal and integrated by an
RC integrator.

In figure 3.3.3, the RC network provides an output signal in current do-
main. This signal is multiplied by the reference signal and integrated by the
integrator capacitor.

In figure 3.3.4, the RC network provides an output signal in voltage do-
main. The voltage domain signal is converted to current domain by means of
using a g, stage. The output of the g, stage is multiplied by the reference
signal and integrated by the integrator capacitor.

Comparing the topologies in figure 3.3.2, 3.3.3 and 3.3.4, the one in figure
3.3.4 is the worst choice. First, using an additional g, stage is not a power
efficient solution. Second, using a g,, stage causes additional frequency error
due to its phase shift. The main difference between the figure 3.3.2 and
3.3.3 is that, in figure 3.3.2 an RC integrator is employed and the voltage-
to-current conversion of the signal is operated by the integrator resistor R,
while in figure 3.3.3 this conversion is operated by the RC network itself. The
disadvantage of the topology in figure 3.3.2 is that R;,; alters the effective
resistance of the filter and so alters the oscillation frequency. In addition,
the mixer has to handle a considerable voltage swing which depends on the
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Figure 3.3.3: The Second Possible Topology

filter resistance. In figure 3.3.3, the mixer is directly located at the input of
the integrator, i.e. which is ideally the virtual ground node. This provides
a more stable mixer operation since the signal amplitude is small at this
location.

3.4 Oscillation Frequency

Due to the advantages explained in section 3.3, the topology shown in figure
3.3.3 is simulated using the 15 order RC filter shown in figure 3.4.1.

In order to calculate the oscillation frequency, it is important to remember
that the average value of the signal at the input of the integrator is zero
at steady-state due to the negative feedback loop as described in section
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Figure 3.4.1: A 1°¢ order RC filter

3.2. The integrator input signal is shown in figure 3.4.2. Considering the
oscillation condition, the area under one oscillation period should be equal
to zero on average. This results in the following equation:

0.926

Jouw =5 5@

(3.4.1)

where C is the capacitor in the filter, R is the equivalent resistor, which is
(Ri[[Rz).

A detailed calculation of the oscillation frequency is shown in appendix
A.1. The frequency can be observed from the waveform of the integrated
current in figure 3.4.2. Due to the mixing action, the frequency is doubled
as explained in section 3.2.

As explained in section 3.2, in the case of using the 1% order filter, the
loop locks at the frequency where there is a 7/4 phase shift in the filter.
Since the phase of the 1% order filter is shifted by 7/4 in the -3 dB frequency,
the oscillation frequency is estimated as 1/27RC. However, the calculation
shown in appendix A.1 provides an accurate estimation.
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Figure 3.4.2: The signal waveform at the integrator input

3.5 Source of Errors

In this section, using the topology in figure 3.3.3 and the RC network in figure
3.4.1, the oscillation frequency error due to the following building blocks
are investigated: the RC network, the mixer, the integrator opamp and the

frequency divider.

3.5.1 The RC network

In 0.16 pum technology, the integrated resistors and capacitors are expected
to deviate approximately +20%. Therefore, in order to obtain the same ref-
erence frequency from all of the fabricated chips, at least one of those circuit
elements has to be trimmed. After trimming, the frequency is expected to de-
viate by temperature only due to the temperature coefficients of the resistor
and capacitor.

The phase-frequency graph that is shown in figure 3.5.1 belongs to the
network in figure 3.4.1 where Ry = 30 k2, R, =1 MQ and C = 10 pF . The
slope of the curve shown in figure 3.5.1 is a parameter that is used to convert
any phase error into frequency error. This information is used in section
4.3. The corner frequency of the filter, where 7/4 phase shift is obtained, is
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Figure 3.5.1: Phase-frequency response of a 1st order RC filter

approximately 273 kHz. As explained in section 3.2, the loop is locked at
the frequency that gives 7/4 phase shift in the filter. However, as analyzed
in section 3.4, a factor of approximately 0.926 times of this frequency is
expected from the oscillation, which is approximately 253 kHz.

3.5.2 The mixer

The on resistance and the mismatch of the mixer transistors are the two
main error sources that cause a frequency deviation. On resistance of the
mixer is added in series to the resistor in the RC network, affecting the
transfer function of the filter and consequently the output frequency. Even
though the filter needs to be trimmed due to the reasons explained in the
previous section, the temperature coefficient of the on resistance is much more
than that of the filter elements. Since the system is differential, due to the
mismatch of the mixer transistors, the charge injection mismatch acts as an
offset current in the system. This offset current is integrated by the integrator
and causes frequency deviation, as well. In system level simulations, the effect
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Figure 3.5.2: Frequency deviation vs charge injection mismatch

of the charge injection is simulated by injecting a DC current from one of
the integrator inputs. The results are shown in figure 3.5.2.

In chapter 4, both effects are analyzed, and the frequency deviation due
to both error sources will be minimized.

3.5.3 Integrator opamp

The offset and the limited gain of the integrator are two of the main error
sources that cause a deviation in the frequency reference.

The effect of the offset can be explained in the simplified block diagram
in figure 3.5.3, where H(f) is the transfer function of the RC network, V,; is
the input referred offset voltage of the opamp, Vy,,s is the bias voltage of the
opamp input. In the case of V,s=0 the current flowing through the branches
are I; and -I;. However due to the offset voltage an error current (Al) is
generated. The generated error current is integrated by the integrator and
deviates the control voltage of the oscillator and consequently the frequency.
The relation between the offset voltage and the frequency deviation is ana-
lyzed in appendix A.2. From the analysis, it is concluded that the frequency
error is directly related to the ratio of the offset voltage and the filter driver
voltage, rather than the absolute value of the offset voltage (AfocV,s/Vaa)-
The frequency error due to the offset voltage is shown in figure A.2. The
filter driver voltage is considered as 1.2 V.
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The effect of the open loop DC gain of the integrator can be analyzed as
follows: considering that the loop is stable and the differential output signal
of the integrator is 1 V, employing a 60 dB integrator opamp means to have 1
mV differential input signal. Therefore, using 60 dB integrator is expected to
have the same effect of having an integrator opamp with 1 mV input referred
offset voltage.

As mentioned in section 3.2, the oscillation frequency is locked when the
DC term, which is the output of the mixer is integrated by the integrator.
Since the integrator is not ideal, the second order harmonic which is shown in
equation (3.2.2) will only partially be filtered out by the integrator capacitor.
Therefore, there is a residual ripple that makes the oscillation frequency
fluctuate. This fluctuation is aimed to be around one tenth of the targeted
frequency accuracy which is around 0.03%.

3.5.4 Frequency divider

The frequency divider is used to generate a m/4 degree phase difference be-
tween the outputs of the divider and any mismatch in the circuitry manifests
itselft as a phase error. This phase error is converted into frequency error by
the transfer function shown in figure 3.5.1. In a first order filter, 1° phase
error gives 9.73 kHz frequency error. Considering that the oscillation period
is 4 ps, if the mismatch is 1 ns, this gives 0.09° phase difference and 0.87
kHz frequency error which is 0.34%. In the digital circuits, the 3o error
spread, e.g. both temperature and process, can be expected up to 50% of 1
ns. Therefore, after trimming 0.17% frequency error can be expected.

3.6 Initial Budget

Considering the error sources investigated in this chapter, an initial error
budget that is shown in table 3.2 is prepared. In the error budget, the
opamp offset is kept as the dominant source.

| Contributors | Value | Frequency error [%] |
Opamp offset 200 pV 0.074
Opamp gain 80 dB 0.035
Mixer charge injection | 100 pA 0.026
Divider mismatch 0.05 ns 0.017
Total 0.15

Table 3.2: Initial error budget
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Implementation

In the previous chapter, a new locked oscillator topology, its building blocks
and non-idealities are introduced and based on the non-idealities an initial
error budget is sketched. In this chapter, these building blocks are designed
and analyzed in more details.

4.1 RC Network

4.1.1 Integrated Resistors and Capacitors

In 0.16 pm CMOS process, N+Active, N-well and N-poly resistors are avail-
able. However, N+Active and N-well resistors are not preferred because of
their high-voltage-dependent temperature coefficients. The advantage of us-
ing N-poly resistor is its small 1** and 2"¢ order temperature coefficients. An
N-poly resistor has a negative 1** order and a positive 2" order temperature
coefficient. The temperature behavior of a 60 k{2 N-poly resistor has been
simulated and it is shown in figure 4.1.1. It has an average temperature coef-
ficient of -90 ppm/°C. In literature ([7, 9]), the temperature coefficient of an
N-poly resistor is compensated by putting it in series with a P-poly resistor.
However, P-poly resistor is not available.

In this process, metal-insulator-metal (MIM), fringe and MOS capaci-
tors are commonly used integrated capacitors, since the others require extra
process steps. MOS capacitor is not preferred because of it has a high tem-
perature coefficient and its value is strongly process dependent. Among the
remaining two alternatives, fringe capacitor is preferred because of its sym-
metric structure. A fringe capacitor consists of stacked finger-shaped metal
areas and takes advantage of the capacitance between the fingers [14]. Since
the capacitance seen from the both plates of the capacitor is the same, using
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Figure 4.1.1: The variation of 60 k{2 resistor as a function of temperature

one fringe capacitor is sufficient in a first order filter, as it is shown in figure
3.4.1. Besides, since 0.16 um CMOS process provides 6-metal layers, the
capacitance per unit area is comparable to that of the MIM capacitors which
are widely used in the literature [7, 8, 9]. The temperature behavior of a
10 pF fringe capacitor has been simulated and it is shown in figure 4.1.2. A
fringe capacitor has an average temperature coefficient of +60 ppm/°C. Its
positive temperature coefficient is useful to compensate the that of the N-
poly resistor. The corner frequency (feorner=1/RC) of a low pass filter, that
consists of a fringe capacitor and a N-poly resistor, is plotted as a function
of temperature in figure 4.1.3. The average temperature coefficient of the
frequency is +32 ppm/°C.

4.1.2 Topology Selection

The proposed RC network topology is shown in figure 4.1.4. In this topology
the frequency is determined by (R; || R2)C. The main filter capacitor (C)
should be chosen in the order of 1 pF not to be dominated by the parasitic
capacitances. In order to keep the oscillation frequency at the desired level
(250 kHz) the filter resistance should be chosen in the order of 10 k2. How-
ever, using such a small resistor causes the output signal amplitude to be in
the order of 0.1 mA, considering that the input voltage is 1.2 V. The output
signal of the filter is integrated by the integrator and controls the output
frequency of the VCO. Therefore, any fluctuation in the control signal of
the VCO is turned into fluctuations in the output frequency. Using Rs in
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Figure 4.1.2: The variation of 10 pF capacitor as a function of temperature

the filter helps to set the ripple amplitude of the signal that controls the
VCO. Considering that R; is much smaller than Ry, Ry does not have much
influence on the frequency and therefore does not need to be trimmed.

Due to the process spread, all the values of the filter elements and con-
sequently the frequency are expected to drift from the desired level. By
trimming some of the elements at room temperature, the frequency is set
back to the desired level. According to the calculations shown in appendix
A3, considering only the process spread of the poly resistor and fringe capac-
itor, to obtain a frequency resolution of £0.05%, 10 bit trimming is required.
To make the trimming structure simpler, both Ry and C; are trimmed at
room temperature. R; is used for the coarse and C; for the fine tuning of
the filter. To ensure that the coarse tuning steps are overlapping as shown in
figure 4.1.5, totally 13 bits are used. Overlapping of the coarse steps is nec-
essary to ensure that the frequency range is covered totally. For the coarse
tuning, a 5 bit resistor trimming, and for the fine tuning a 8 bit capacitor
trimming is used. The reason of restricting the capacitor trimming by 8 bits
is to use unit capacitors that are not very sensitive to parasitics and to limit
the silicon area occupied by the filter. As shown in section 4.7, the filter
area is mainly consumed by the trimmable capacitors and it is almost the
one third of the total chip area. The total system has a wide (£50%) tuning
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Figure 4.1.5: The trimming strategy of the RC network

range as shown in figure 4.1.5.

The trimmable capacitor (Cy) is shown in figure 4.1.6. It consists of 255
unit capacitors and transistors. One plate of the capacitor is connected to
the signal paths, a or b, and the other one is connected to the drain of the
transistor MN. Select signal is used to activate the capacitors by means of
turning on and off the transistors.

The trimmable resistor (R;) is shown in figure 4.1.7. As mentioned before,
5 bits are used for the coarse tuning of the filter. Therefore, in addition to
the main resistor (R), 5 more branches that consist of unit resistors (R,,) are
employed. The three-state buffer in figure 4.1.8 drives the filter. A three-
state buffer is a buffer with an additional enable signal. If the enable signal
is high, the input signal is observed at the output. If the enable signal is
low, the output of the buffer becomes high impedance. Before the output
stage of the three-state buffer, two D-flip-flops (D-FF's) are used. The reason
for using these flip-flops (FFs) is to synchronize the signal that is coming
from the output of the frequency divider. By means of synchronization,
the delay contribution of the three-state buffer, which causes the oscillation
frequency to deviate as described in section 3.5.4, is mostly eliminated. The
output stage of the three-state buffer is sized such that the frequency error
introduced due to the limited on-resistance is minimized. The resistance and
capacitance values that are used in this design are shown in table 4.1.
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‘ Filter Elements ‘ Values ‘
R, R | 30 k2
R, | 30 kQ
R, 1 MQ
C 10 pF
Ch 5.5 fF

Table 4.1: The resistor and capacitor values
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Figure 4.1.8: A synchronized 3-state-buffer

4.2 Mixer

The implemented mixer is shown in figure 4.2.1. +x; and -x; are the inputs,
+x5 and -xX are the control signals, +x;x5 and -x;x5 are the outputs of the
mixer. The inputs of the mixer are connected to the output of the RC filter.
The control signals are driven by the output stage of the frequency divider.
The outputs are connected to the differential input pair of the integrator
opamp.

4.2.1 Switching Non-idealities

An ideal switch behaves as follows: when it is open, the impedance is infinite
and when it is closed, the impedance is zero. Furthermore, there is no delay
between the driving signal and the switching action. In reality a CMOS
switch has a non-infinite impedance R,¢; when it is off and non-zero R,
impedance when it is on. Since the +x; and -x; are the output signals of the
RC filter, as the current flows through the MOS switches, the R,,, is added
in series to the filter resistance. Therefore, the effective filter resistance is
affected and the oscillation frequency is shifted. The on resistance of a MOS
switch is calculated from the equation (4.2.1).

1

Bon =0 V0 8

(4.2.1)
with,
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RN
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Figure 4.2.1: Implemented differential mixer

B = u-Cox.% (4.2.2)

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

From equations (4.2.1) and (4.2.2), to minimize the on resistance of the
switch, the aspect ratio of the transistor and the overdrive voltage should be
maximized. Therefore, usually the minimum channel length transistors are
used as switches. Besides, since the electron mobility of the NMOS transis-
tors are higher than the hole mobility of PMOS transistors, on resistance of
an NMOS switch is smaller than a PMOS switch that has the same dimen-
sions. For a minimum size switch in a 0.16 pum process, simulations show
that as Vg, decreases, R,, increases accordingly as expected from equation
(4.2.1).

Secondly, there is a time delay between the control signals, +x5 and -xs,
and the switching action mainly due to the relatively big capacitances of
the control signal lines. To avoid the time differences between the lines, the
layout should be done such that the lengths are as equal as possible. The
other issue is the charge injection. The charge injection is mainly caused by
two phenomena: parasitic capacitive feed-through and the redistribution of
channel charge. When the switches are on, finite amount of charge is held in
the channel. This charge can be expressed for a NMOS switch as:

Qinj = (‘/gs - ‘/t)WLCoz (423)
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Figure 4.2.2: Source voltage vs frequency error

Figure 4.2.3: W/W,,,;,, values vs frequency error

For a minimum size switch in a 0.16 pgm process, the values that can be
found are W = 0.232pm, L = 0.16pum, V, =049 V, V,, = 1.8 V and C,, =
12.12 fF /um? which leads to q;,; = 0.59 fC.

This charge flows partially through both drain and source of the device
when the switch is turned off. The relation between the injected current and
charge is written as:

[inj = qmj'fclk (424>

where f;. is the frequency of the control signal.

Equation (4.2.4) implies that, as the clock frequency increases the charge
injection effect becomes more dominant. Since the system is differential,
only the differential charge injection or charge injection mismatches have an
effect. When equation (4.2.3) is investigated, it can be concluded that W,
L, C,: and V; mismatch leads to channel charge mismatch. Since the charge
injection of a MOS transistor is proportional to the area, the minimum size
switches are the best choice to minimize channel charge injection. Using
dummy switches result in more charge injection mismatch, because the main
switch will then be larger than minimum size [15].

To optimize the total error due to the charge injection mismatch and the
on resistance, there are two design parameters: W and the source voltage
V,. The total frequency deviation due to both R,,, and the charge injection
mismatch for different V, values are shown in figure 4.2.2. For this simulation,
the minimum size switches are used (W = 0.232 ym, L = 0.16 pum). For the
charge injection mismatch, 10% mismatch between the switches is assumed.
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Figure 4.2.4: The transient response of the mixer

As seen from figure 4.2.2, choosing V, = 0.6 V is nearly optimal solution.
For V, = 0.6 V, the frequency errors due to on resistance and charge injection
mismatch for different W values are calculated and the total frequency errors
are plotted in figure 4.2.3. The results are also verified by the simulations.

It can be concluded from figure 4.2.3 that choosing W/W,,;, = 1 gives the
best compromise between the charge injection mismatch and on resistance
of the switch. The frequency error expected from the mixer is 0.035%.

4.2.2 Simulations

The transient response of the mixer can be observed in figure 4.2.4. The
transient response of the differential input and output signals of the mixer
and the control signal are plotted. From figure 4.2.4, it is observed that while
the differential input signal and the control signal have the same frequency,
the differential output signal has the double frequency of the input signal.
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Figure 4.3.1: Frequency divider

4.3 Frequency Divider

As described in section 4.1, a frequency divider is required. The frequency
divider is shown in figure 4.3.1 which generates a 7w/4 degree phase-shifted
clock signal. To do this, the input frequency is divided by 8 by a chain of three
D-FFs. Each D-FF divides the frequency by 2 and the last stage is used for
synchronization. The outputs called “OUT+_45LAG” and “OUT—_45LAG”
are the differential inputs of the mixer and “OUT+” and “OUT—" are the
differential input of the three-state buffers.

Thanks to the synchronization with D-FF, the propagation delay mis-
match of the D-FFs and of the connection lines and the additional propaga-
tion delay of the three-state buffers are cancelled. In table 4.2, it is observed
that using synchronization provides approximately 10x improvement.

4.3.1 Simulations

The time domain simulations of the frequency divider shown is shown in
figure 4.3.2. The frequency error due to the mismatches of the D-FFs are
extracted from the time domain simulations is shown in figure 4.3.2. From the
simulations, 7/4 degree phase-shift between the output signals is observed.
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Figure 4.3.2: The timing diagram of the frequency divider
| Temperature [°C] | 55 | 27 | 125 |

3o frequency error without synchronization [%] | 0.063 | 0.064 | 0.068
3o frequency error with synchronization [%] | 0.0065 | 0.0066 | 0.007

Table 4.2: The frequency error (30) before and after synchronization
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4.4 VCO

The function of the VCO is to provide the required oscillation frequency that
is fixed by the RC filter. For this purpose, an existing relaxation oscillator
has been adapted [16].

As shown in figure 4.4.1, the oscillator consists of a differental-to-single-
ended converter, two current mirrors M5- M and M;5- Mp, two capacitors
C4 and Cp, a comparator and logic block. The drain current of Myj is
mirrored to M4 and Mpg. The capacitors, C4 and Cg, are alternatively
precharged to V.q, and then linearly discharged by M4 and M. When the
voltage on the discharging capacitor drops below V,.r, the output of the
comparator switches and the linear discharge of the other capacitor starts
immediately, while the recharge is delayed. The delay ensures that non-
idealities of the comparator do not affect the slope of the discharge at the
crossing of V,.s and it is not critical, as it does not influence the period
Tose. The delay signal and the signals driving the switches are generated by
a digital circuit.

The frequency of the VCO is given by:

(I+ Al
2C(A,B(chap - ‘/;"ef)

fosc = (441)

where V,..r and V,,, are reference voltages, C4 and Cp are the MOS capacitor
operating in inversion, I is the current provided by My, Al is the current
provided due to differential input voltage and the g, of the differential-to-
single-ended converter.

The main modification is designing a circuit that converts the differential
input signal, which is the output of the integrator, into the circuit used in the
relaxation oscillator to charge and discharge the capacitors. The designed
circuit is shown in figure 4.4.2. The difference in the input voltages is con-
verted to current by the differential pair Mg 19 and mirrored by transistors
Mii,12, Ms6 and M;s14. The output current is taken from the drain of Mg
and My4. This stage sets the gain of the VCO, which is a function of the
gm of the input pair. Transistor My adds a constant current (1.4 pA) which
keeps the free running frequency of the VCO around 1.8 MHz by means of
charging the MOS capacitors C4 and Cp which are approximately 0.9 pF.

In section 3.5.3, it is explained that a ripple signal at the double frequency
of the oscillation frequency is generated by the mixer and filtered out by the
integrator. Since the output of the integrator is the control signal of the
VCO, the residual ripple in the control signal causes a fluctuation at the
output frequency. To reduce this effect, the input pair is degenerated by the
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Figure 4.4.1: The topology of the relaxation oscillator

transistors M; and Mg. The degenerated input pair has an effective g, of
0.1 uS and provides 5 dB filtering.

4.4.1 Simulations

The frequency variation at the output of the VCO for different control volt-
ages, due to the temperature and process variations is shown in figure 4.4.3.
The variation is mainly due to the variation of the MOS capacitor and the
gm of the input pair. The free running frequency of the VCO is 228 kHz.
Therefore, as observed from figure 4.4.3, in order to ensure that the VCO
is able to provide the sufficient oscillation frequency to lock the loop, the
integrator opamp should have £ 0.9 V output swing. The signal waveforms
at the gate of the MOS capacitors M4 and Mp is shown in figure 4.4.4.

The effect of the residual ripple can be observed from figure 4.4.5. The
frequency ripple due to this signal is +0.036%. To reduce the frequency
ripple to this level, 50 pF integration capacitor is used.
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| MOSFET | W [pm] | L [um] | Ips [pA] | gm [1S] |

M, 1.5 5 0.1 1.4
My 1.5)2] 5 0.2 2.8

M, 1.5[14] 5 14 19.8
Ms. 0.5 20 0.1 0.5
M 0.25 40 0 0
Mo | 0.2512] | 10 0.2 0.9
M1 0.3 20 0.1 0.8
My | 0.3]2] 20 0.2 1.6

ouT

Table 4.3: Transistor dimensioning of the differential-to-single-ended con-

verter
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4.5 Integrator

4.5.1 Design

In section 4.4, it is shown that due to the process and temperature variations
of the VCO, the output stage of the opamp should have a £0.9 V output
swing. In section 3.5, it is mentioned that the opamp should have 80 dB
gain and maximum 200 pV offset at all process corners. In section 4.2, it
is emphasized that to minimize the frequency error due to mixer, the input
transistors of the opamp should be biased at 0.6 V. All these requirements
can be met using a well-known folded cascode opamp that employs a PMOS
input transistor. The topology that is used in this design is shown in figure
4.5.1.

Since the opamp is fully differential, the output voltage must be controlled
by a CMFB circuit. For this purpose, a set of two long-tail pairs are used.
The long tail-pairs Mgy, Msg and Moy, Mays are connected with their gates
between the desired common mode voltage level (Voyrp) and each of the
output terminals V,,;+ and V,,;—. The sum of the output currents of the
transistors Msg and My, controls the common-mode output voltage through
M7, Mg and Myg. To improve the stability of the CMFB circuit, the current
sink transistors of the opamp is separated into two branches [12].

As mentioned in section 3.5, the most important design specification is
the offset. Therefore, it is useful to analyze how to reduce the offset voltage
of a folded cascode using the equation (4.5.1) [15]:

AVraon AVraer AVrase
Vos =AVrs9) + gm(lo,n);) + gm(16,17)# + gm(18,19)#
9m(8,9) 9m(8,9) 9m(8,9)

Isoy ABsey  ABuoiny  APasan  ABasao)
( + + +
9m(8,9) 5(8,9) /8(10,11) 5(16,17) ﬁ(18,19)

+ ) (4.5.1)

where AVy andAf are the differences in threshold voltages and transconduc-
tance factors of the indicated transistors respectively. From equation (4.5.1),
it is concluded that the offset can be minimized by designing the input pair
Mg and Mg with the highest possible g,, for a given bias current, which can
be achieved by biasing them in weak inversion region. To obtain an optimal
offset the transconductance of the current sink transistors Mig, Mi7, Mg,
Mi9 and current source transistors Mjy, M;; should be reduced, meaning
that they should work in strong inversion.

By appropriately sizing the transistors without using excessive area, an
offset of about 1 mV (30) is achieved. In simulations, the input referred
offset is measured in a feedback loop using an auxiliary amplifier that has
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a very high gain, as shown in figure 4.5.2 [13]. In order to achieve 200uV
offset, additional trimming consisting of an auxiliary input pair and a resistor
ladder structure is used. The auxiliary input pair is connected to the folding
node, where the main input pair is also connected. The input voltage of the
auxiliary input pair is provided by the resistor ladder as shown in figure 4.5.3.
The relation between the transconductances of auxiliary and the main input
pair is shown in equation (4.5.2). Since before trimming the input referred
offset voltage is 1 mV, the resistor ladder must provide a voltage up to 10
mV to compensate for the opamp offset. In the resistor ladder, two 1.2 M
and forty 0.5 k€ resistors are used. The step of the ladder is 0.5 mV which
gives an average 50 nV offset resolution. The steps are selected by turning
on/off the transistors in each branch.

This method only allows obtaining positive voltages which are used to
cancel the negative offset. To be able to cancel the positive offset, the polarity
of the offset is changed. This is achieved by placing the choppers, which have
the same topology shown in figure 4.2.1, in the opamp.

9m,main
m,aur — - 4.5.2
i, 10 (4.5.2)

The comparison of the offset voltages before and after trimming is shown
in table 4.4.

Due to a design error while mirroring the current from the bandgap ref-
erence, the DC gain of the opamp is around 10 dB below the desired value
in fnsp and fnfp corners at 125 °C. This is approximately 0.03%. The opamp
is not working in the snsp process corner.
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Figure 4.5.3: Offset trimming structure

| Temperature [°C] | 55 | 21 | 125 |
30 offset voltage be fore trimming | 990 'V | 960 pV | 970 uV
30 offset voltage after trimming | 145 uV | 50 uV | 175 uV

Table 4.4: Input referred offset voltage before and after trimming

| Process Corners | DC Gain [dB] |
-55°C | 27°C | 125°C
fnfp 95.1 | 82.4 | 68.2
fnsp 954 | 76.4 | 67.3
snfp 97.5 | 945 | 83.6
snsp - - -
nominal 95 92 75

Figure 4.5.4: DC gain of the opamp at different process corners and temper-
atures
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| MOSFET [ W [pm] | L [pm] | Ips [#A] | gm [15] |

My 1.5 8 0.19 1.8
M, 1.5[2] 8 0.38 3.5
M 0.52] 1.6 0.38 12
My, 10[2] 4 0.19 48
M 15200 | 8 3.8 35.8
M, 5[2] 1.6 3.8 3.3
M, 25(8] 4 1.9 48
Moyn | 1520] | 8 1 8.9
M 13 ) 3 1 11.2
Miaas 1.4 3 1 12.1
Mi.17 1.9[6] 30 1.1 13.2
Mg 19 1.9[9] 30 1.9 21.4
CMFB Circuit
Mo .21 1.5[4] 8 0.76 7.1
M3 23.24,25 0.5 1 0.38 4.3
Mg 27 1.9[4] 30 0.76 8.9

Table 4.5: Important parameters of the opamp transistors

4.5.2 Transistor Dimensioning

The sizes, drain currents and transconductances of the transistors designed
in figure 4.5.1 is shown in table 4.5.

4.6 Final Budget

The final error budget and the power budget of the system is shown in table
4.6 and 4.7, respectively. The total frequency error of the system is expected
to be 0.27% with a power consumption of 35.3 pW. The final budget is larger
from the intial budget shown in table 3.2. Because, the offset of the opamp
is reduced to 25 pV below the target, which decreased the error; the on
resistance of the mixer and the lower gain of the opamp increased the error.
In addition, the input capacitance of the filter driver brings an additional
0.08% frequency error.
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| Error Contributors Frequency Error [%] |
Offset of the integrator opamp 0.064
Finite gain of the integrator opamp 0.063
Filter driver delay 0.08
Mixer effects 0.035
Filter driver resistance 0.023
Delay mismatch 0.0065
Total 0.27

Table 4.6: Error budget of the system

| System Blocks | Power Consumption [uW] |
VCO 20.1
Integrator opamp 13
Filter driver 1.3
Offset trimming ladder 0.6
Divider 0.27
Total 35.3

Table 4.7: Power budget of the system

4.7 Layout

The layout of the chip is shown in figure 4.7.1 and each block of the system
is highlighted. The area of each block is listed in table 4.8. Main circuitry
consumes 0.573 mm? and the remaining area is occupied by the decoupling

capacitors.
| System blocks | Area [mm?] || System blocks | Area [mm?] |
Integrator capacitors 0.205 Opamp 0.014
RC Filter 0.197 Divider 0.009
VCO 0.023 Trimming ladder 0.003
Biasing 0.021 Mixer 4.8x107°
Total 0.573

Table 4.8: The silicon area consumed by each block of the system
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|

Figure 4.7.1: Layout of the chip
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Measurement

5.1 Measurement Setup

The functionality and the performance of the presented system are tested
by measuring the output frequency of 12 chips at different temperatures.
The measurement setup is shown in figure 5.1.1. This setup consists of the
following components:

- A printed circuit board (PCB1) that is shown in figure 5.1.3 holds 4 test
chips (DUT), relays and a decoder that are used to select these chips, relay
driving integrated circuits (ICs) and a multiplexer to get the output signal
from the selected chip.

- A PCB (PCB2) that is shown in figure 5.1.2 has two optocouplers to
isolate the noisy signals supplied from the parallel port of the PC. These
signals are the clock signal, enable signal of the decoder and select signals of
the chips.

- An oven that is capable of changing the temperature between -55°C
and 125°C. A calibrated Pt100 resistance is used to change the temperature
accurately. It is placed inside an aluminum block on which PCB1 is mounted.

- A Keithley multimeter is used to measure the Pt100 resistance and the
output frequency of the chips.

- Power supplies (only one shown below) provide 1.2 and 1.8 V analog and
digital supplies for the chip, 3.3 V supply for the decoder and optocouplers
and 5 V for the relay driving ICs in the PCBs.

- A PC running Labview controls the oven temperature and all the in-
struments mentioned above through RS 232 and GPIB buses, respectively.
The values of the resistors, capacitors and the offset voltage of the integra-
tor opamp can be adjusted by the Labview interface. The captured data is
stored in the PC for further analysis.
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Figure 5.1.1: Block diagram of the entire measurement setup

Figure 5.1.2: The picture of the optocoupler board
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Figure 5.1.3: The picture of the test board

5.2 Measurement Results

5.2.1 Characterization of the RC Network

In section 4.1, it was explained that the oscillation frequency is determined by
the resistor and capacitor values in the RC filter. These passive components
need to be trimmed due to the process spread. The trimmable resistor (R;)
and the capacitor (C;) can be trimmed by 5 and 8-bits network and are used
for the coarse and fine tuning of the output frequency, respectively.

The frequency outputs of 12 samples as a function of resistor trimming
steps are shown in figure 5.2.1. As observed from the figure, at the initial
and final steps of the trimming, output frequencies saturate. This is due
to the limited frequency range of the VCO. As seen from figure 4.4.3, the
oscillation frequency range of the VCO is around 40 kHz. The measurement
results also confirm the simulation results.
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Frequency (Hz)

Resistor Trimming Steps

Figure 5.2.1: Frequency outputs of 12 samples as a function of resistor trim-
ming steps
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Figure 5.2.2: Frequency variation as a function of capacitor trimming steps

25



Chapter 5

187000

196900 —

196800

196700 ~

196600

196500 ~

196400

Frequency (Hz)

196300

196200 ~

196100 ~

196000 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31

Number of Unit Capacitor

Figure 5.2.3: Frequency variation as a function of first 31 steps of the capac-
itor trimming structure

The output frequency as a function of the capacitor trimming steps is
shown in figure 5.2.2. As the number of unit capacitors are activated, the
oscillation frequency should decrease. However, the decoder works only par-
tially. This problem stems from the verilog code of the decoder. The func-
tional part of the capacitor trimming structure is shown in figure 5.2.3. At
each step, the frequency decreases approximately 0.035%. Theoretically, the
filter is designed to obtain 0.05% resolution which is close to the measurement
result. In addition, the behavior of the curve is not absolutely monotonic.
This can be due to the parasitic capacitors and their mismatch.

The output frequency of 20 samples are measured using the same settings
for trimmable capacitor and resistor. The histogram of the measurement
result is shown in figure 5.2.4. The standard deviation of the histogram is
5.2%. According to [14], both N-poly resistors and fringe capacitors may
experience 16% process variation. This refers up to 32% frequency variation.
The measurement results are better than expected. This is probably due to
measuring samples from the same batch.
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Figure 5.2.4: Frequency output of 20 samples

5.2.2 Offset Measurements

In section 3.5.3, it is shown that the offset of the integrator opamp is the
dominant source of error and therefore needs to be trimmed to reduce it
below 200 pV.

To evaluate the offset, the change at the output frequency is observed
for different trimming voltages when the state of the chopper (see figure
4.5.1) is changed from chop=1 to chop=0. For 12 samples, this change is
plotted in figure 4.4. Ideally, if the offset voltage is zero, changing the state
of the chopper does not cause any change in frequency. For the trimming
setting, where the output frequency does not change represents the offset
voltage. Since the g, value of the main input stage is 10 times higher than
the auxilary stage where the trimming voltage is applied, the offset voltages
are 10 times smaller than trimming voltages.

The offsets of the samples are shown in figure 5.2.6. Due to missing chop-
per at the output of the offset trimming structure, the trimming structure
can only compensate the negative offsets. Therefore, out of 12 samples, the
offset voltage of 3 samples can be totally removed. For 9 samples, the offset
voltage is found by extrapolating the curves in figure 5.2.5. 6 of them has
below 200 ¢V and 3 samples has around 400 x4V offset voltages.

The average of the 12 curves is shown in figure 5.2.6. From this figure, a
systematic offset voltage of 95 uV is observed. This can be due to measuring
insufficient number of samples.
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Figure 5.2.5: Input referred offset voltage of integrator opamp for 12 samples
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Figure 5.2.6: The offset voltages of 12 samples

5.2.3 Power Consumption

The power consumed from the power supplies of the chip is presented in
table 5.1. The total power consumption of the chip is 37.2 pW, excluding
the output buffers and biasing.
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| Supply [V] | Type | System Blocks | Power Consumption [uW] |
1.2 Analog Filter Driver 1.32
1.8 Analog | Opamp + Converter 18.9
12 Digital VCO 16.7
1.8 Digital Freq. Divider 0.32
Total 37.2

Table 5.1: The current consumption of the chip

5.2.4 Jitter Measurements

Since the aim of this chip was to investigate the feasibility of the proposed
concept, it was optimized for accuracy and low power consumption. However,
jitter is an important design aspect of any frequency reference, as well.

The term “jitter” is a broadly used term that refers to frequency instabil-
ity of oscillators, as observed in the time domain [20]. When specifying jitter
however, a more strict definition is needed. In circuit design literature, the
jitter of an oscillator is often specified as the period jitter, long-term jitter
and relative jitter.

Period jitter is specified by the normalised one-period time error and often
expressed in parts per million. The long-term jitter is the accumulated jitter
over a certain number of periods. Relative jitter is defined as the standard
deviation of jitter divided by elapsed time; its value for a time period of
the order of one second is an important parameter for time references used
in WSN, since it limits duty-cycle of the receiver when synchronization is
performed over a time scale of seconds [17].

The measured period jitter of the output signal is 22 ns (rms) which is
0.46% of the oscillation period. Long-term jitter measurements for the output
frequency of 1.8 MHz are reported in figure 5.2.7. The relative jitter is less
than 200 ppm for a time period of miliseconds. This is a great improvement
compared to the reported data (around 1000 ppm) in [16]. This improvement
is thanks to the negative feedback effect of the loop.

5.2.5 Oven Measurements

12 samples from one batch are measured over the military temperature range
(-55°C to +125°C) using a temperature controlled oven, with an accuracy
in the order of 0.1°C. The output frequency of each sample as a function
of temperature is shown in figure 5.2.8. After one-point calibration, the
frequency spread with respect to average frequency is computed from figure
5.2.8 and shown in figure 5.2.9. It is below 0.9% (30) over the range from
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-40°C to +125°C.
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Figure 5.2.8: Output frequency measurements on 12 samples
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Figure 5.2.9: Frequency error with respect to average frequency vs. temper-
ature after one-point trimming at room temperature for 12 samples

The temperature coefficients are shown in figure 5.2.10. The mean and
standart deviation values of the histogram are 45.7 and 31.2 ppm /°C, respec-
tively.
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(8]
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Tempco of the Oscillation Frequency (ppm/°C)

Figure 5.2.10: The frequency temperature coefficients of 12 samples

61



Chapter 5

The measurement results shows a higher frequency deviation than the
designed target over temperature. This difference can be attributed to the
temperature coefficient of the offset voltages. To prove it, offset voltages
should be measured at the extreme temperatures.

5.3 Chip Photomicrograph

The frequency reference was implemented in 0.16 pm CMOS process and a
chip photo is shown in figure 5.3.1.

Figure 5.3.1: Chip photomicrograph of the frequency reference

5.4 Conclusion

The comparison of the initial targets and the measurement results is shown
in table 5.2. The frequency accuracy is around 3 times worse than expected.
The power dissipation of the chip is 25%, the average temperature coeffi-
cient is 40% lower than the targeted values. The output frequency of the
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references is set to 210 kHz, which was initially targeted as 250 kHz. This
frequency could easily be achieved if the capacitor trimming structure would
work properly. However, this is not a critical design specification.

In table 5.3, the performance of this design is compared to other frequency
references which appear to be suitable for WSNs. The power dissipation of
this chip is the lowest one. It is around 4.8x, 2x and 10% lower than that of
the designs in [9], [7, 8] and [16, 18], respectively.

The temperature coefficient performance of this chip is the second best
one. In [8], [9] and [18] this performance is reported for only 1 sample.
Therefore, to make a relatively fair comparison, the performance of the 12
measured samples is averaged out. The temperature coefficient is around 2x
and 30% lower than that of the designs in [16, 7] (comparing the o values)
and [18, 9], respectively. However, it is 2x worse compared to the design in
[18].

Since in different designs the frequency variation is measured in different
temperature ranges, table 5.4 is prepared to be able to make a fair compar-
ison. The performance is around 2x better than that of the designs in [16]
and [7]. It is comparable to that of the designs in [8], [9] and [18]; however
it should be considered that for this work 3¢ values are reported.

\ Specification \ Target Values \ Measurement Results \
Temperature Range -55 °C to 125 °C -55 °C to 125 °C
Power Dissipation [uW] < 50 37
Frequency Inaccuracy [%] +0.27 (30) +1.1/4£0.9 (30)
Output Frequency [kHz] 250 210
Temp. Coefficient [ppm /°C] < 80 46 (p), 37 (o)
Initial Accuracy (@27 °C) +20% +15.7% (30)
Trimmed Accuracy (@27 °C) +0.05% - (£0.035%")
Process Node 0.16 um CMOS 0.16 um CMOS
Supply Voltage 1.2V, 18V 1.2V, 18V

Table 5.2: The summary of target specs vs measurement results

IThis performance could be obtained if the decoder would work properly.
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Literature This work 4 [16] 4 [7] [18] 8] [9]
Frequency [MHz| 0.21 0.1 6 2 10 30
m%@;&ogm@ 1.2/1.8 1.2 1.2 18 1.2 18
Power [uW] 37 41 66 45 80 180
Area [mm?] 0.57 0.11 0.03 0.04 0.22 0.08
Process [CMOS] 0.16 um 65 nm 65 nm 0.18 um 0.18 um 0.18 um
Variation [%)] with + H.Nwmqv\ 0-9 + 1.1 (30) | £0.88 (0) M%M@M + 04 -0.7 / 40.5
Temperature [°C] Q@ 55195 @ -20~80 @ 0~100 @ 40195 @ -20~100 | @ -20~100
Samples measured 12 1 6 1 1 |
over temperature
Temp. coeff. 46 () 91
o /o] 37 (o) 73 (o) 86 (o) )3 67 90
Phase noise -96 -90 -96
(dBe/Hz] N-A NA @100 k) | (@100 k) | VA (@1 MHz)
o 22 ns (rms) 52 ns (rms)
Period jitter (0.46%) (0.52%) N.A. N.A. N.A. N.A.
Process 16% (30) 7% (30) 0.8% (o) N A N A 2.7% (o)
sensitivity 20 samples 11 samples | 6 samples Yy o 20 samples

Table 5.3: Comparison to the state-of-the-art frequency references suitable for WSNs

Chapter 5

* This performance is obtained after temperature compensation.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

In this thesis, a new precision RC-locked oscillator topology for wireless sen-
sor networks (WSNs) has been presented. The aim of this chip was to in-
vestigate the feasibility of the proposed concept and to obtain a competitive
performance in terms of accuracy and power consumption compared to the
state-of-the-art.

Despite some design errors, the new IC was sufficiently functional to
be tested, and it achieved a frequency inaccuracy of +0.9% (30 based on
12 samples) from -40°C' to 125°C, consuming 37 pW power. The achieved
performance is comparable to the state-of-the-art, for a wider temperature
range and for significantly more samples.

6.2 Future Work

The future work includes the corrections of the design errors to improve the
accuracy. A chopper should be placed at the output of the offset trimming
structure to make it fully functional. The same filter driver should be used
to drive the mixer. The decoder that is used for capacitor trimming has to
be synthesized properly.

An additional measurement to find the offset voltages at the extreme
temperatures will clarify if the untrimmed offset is the main source of error.

It is also recommended to optimize the jitter performance of the frequency
reference.
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Appendix A

Calculations

In this section, the calculations are done to find out the oscillation frequency,
the frequency error due to the offset voltage of the opamp and the number
of bits required for the offset trimming are shown.

A.1 Calculation of the Oscillation Frequency

In figure A.1.1, the current waveform at the input of the integrator is shown.
At the steady-state, the area under this curve is forced to be zero by the
integrator opamp. This waveform is shaped by the filter which determines the
oscillation frequency. Therefore, the oscillation frequency can be calculated
by analyzing this waveform.

While the simulating the locked oscillator using the ideal building blocks
i.e filter, integrator, mixer and VCO, an oscillation frequency which is equal
to 0.926/27RC' is obtained while the initially expected value was 1/27RC.
Therefore, the oscillation frequency is analyzed to verify the simulation re-
sults.

The area under one period of the waveform in figure A.1.1 can be written
as follows:

V. V. 1—e 172
T/2 3T/8
/ _Fd(n) + / F(H) =0 (A.1.2)
3T/8 0

where f(t) is the function that defines the signal in figure 3.4.2
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Figure A.1.1: The signal waveform at the integrator input

For the sake of simplicity only the solution of the equation is given as
follows:

(1;£+1).(2.m3/8_1_\/5)_m_x:0

where,

T = e—T/T

The solution of the equation is shown in figure A.1.2.

(A.1.3)

(A.1.4)

The roots of the equation (A.1.3) is found as z; = 0.00113 and x5 = 1.
xo is the solution at T=0. Therefore x; is the valid solution and leading to

the following equation:
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Solution of the equation (4.3)
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Figure A.1.2: The solution of the equation (A.1.3)

1 1 0926

/= T —In(xs).T ~ 27RC

(A.15)

A.2 Frequency Error Due to Offset Voltage

In section 3.5.3, the effect of the integrator opamp offset on the oscillation fre-
quency is described. Here, this description is supported by the mathematical
analysis.
The operation of the mixer can be separated into two phases ¢, and ¢,.
The operation in these two phases is shown in figure A.2.1 and A.2.2.
During ¢;,the following equations can be written as:

L = (Vdd — Vhias — %s/2>/Z (A21)
Iy = (—Viias + Vos/2)/ Z (A.2.2)
I — Iy = (Vaa — Vos) /1 Z (A.2.3)

‘/YOS
L—-L=(1- Vdd)/Z (A.24)
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dd H

H(f)

Figure A.2.2: The operation during phase ¢

During ¢9,the following equations can be written as:

I = (—=Vaa + Viias — Vos/2)/ Z (A.2.5)

Iy = (Vhias + Vos/2)/Z (A.2.6)

L—1,=(—Vy—V./Z (A.2.7)
‘/YOS

L—1,=(— Vdd)/Z (A.2.8)

Using the equations (A.2.4) and (A.2.8), the equation (A.1.2) can be
modified as follows:

T/2 3T/8

Vdd / ) Vdd / £(#) (A.2.9)

37/8

This equation leads to the following solution, where o = V5 /Vyq:
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Solution of the equation (4. 15)
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Figure A.2.3: Solution of the equation (A.2.10)

(1 ; \\j_i + 1.2 = Vo.(1—a)—1—a] - Z"Tx(l +2a) =0 (A.2.10)

As an example, if the equation (A.2.10) is solved for V,s = 1 mV and Vyq
= 1.2 V, the solution is obtained for x = 0.001153 as shown in figure A.2.3.
This solution refers to a frequency deviation of approximately 0.3%, which
is close to the simulated value.

A.3 Trimming Resolution of the RC Filter

When the trimming of an RC network is an issue, the trimming resolution
and the trimming strategy have to be determined. Considering the target
frequency accuracy, the trimming resolution is set to +0.05%. To decide
on the trimming strategy, first the number of bits that is required by the
trimming has to be calculated. Only considering the process variations and

71



Chapter A

that the capacitors will be trimmed, the required number of bits to achieve
the desired resolution is calculated as follows:

0.926 _ 0.926
27TRnom(1+pR)QCmin 277Rnom(1+pR)2(Omin+AC) (A 3 1)

fnom

where A f/ from is the trimming resolution, R, is the designed filter resistor,
Pr is the process variation of a poly resistor, AC is the capacitor step size,
Cininis the minimum achievable capacitance after trimming using AC.

Solving the equation (A.3.1) for f,,m=250 kHz , R0 =30 k2, pr=0.163,
results with the following relation between AC and C,,;,:

resolution =

2 8
AC — Crin X (1.2 x 10%)

1 — (Chin X 1.2 x 108)
The capacitor range should be wide enough to cover the process variations

of both resistor and capacitor. This requirement is defined with the following
equation:

(A.3.2)

K K
nom = = A.3.3
f Rnom<1 _pR>Cmaa3(1 _PC> Rnom(1 +pR)szn(1 +p0) ( )

where K = 0.926/(47), pc is the process variation (pe =0.158) of a fringe
capacitor.

The equation (A.3.3) gives the desired the range of the filter capacitor,
Cnar=13.9 pF and C,,;,=7.3 pF. From equation (A.3.2), AC is calculated
as 6 fF.

The number of required bits is found from the following formula:

Cmaz - szn
AC

where m is the number of bits which is calculated as 10 bits.

From the calculations it is concluded that it is not easy to obtain the
desired resolution by means of only trimming the capacitor.Because, the
required unit capacitors are very sensitive to parasitics. Therefore, both the
capacitor and the resistor are trimmed and totally 13 bits are used in the
trimming structure. The need for the additional bits is to make sure that
the coarse steps are overlapping as shown in figure 4.1.5. In addition, the
mismatch of the small fringe capacitors is not considered in the calculation
for simplicity.

om — (A.3.4)
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