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technology, this kind of circuit is not suitable where a multi-mode modulator circuit {17} in a small

area with low power dissipation is much preferable.

1.2 Significance of the research

Because of the disadvantages of the classical modulator circuit, it is a great significance to
alleviate these problems in this research. Hence, a multi-mode modulator circuit or a versatile
modulator circuit which can function either as an amplitude modulator, a frequency modulator, a delta
modulator or a sigma delta modulator is proposed in this thesis. The proposed circuit is a single circuit
that based on a Schmitt-trigger circuit. It is mainly composed of a few components: which are three
OTAs, one capacitor and two resistors. Furthermore, the advantage of this circuit is that the clock
(carrier) signal used for modulation is inherent in the circuit. The modulating signal is thus only a
required external signal. With the compactness of the circuit, it is therefore suitable for 1C realization

and result in low power consumption.

1.3 Objective and organization of thesis

In the past, most modulator networks were designed by using complex circuits, consequently
providing a lJarge scale, power consumption and low frequency range of the modulators. In order to be
fitted in a modern and portable electronic device, low power dissipation of the circuit is required. It is
thus necessary to design a single modulator circuit which occupies in a small area and low power
consumption. This thesis therefore presents the modulator circuit which can operate either as an
amplitude modulator, a frequency modulator, a delta modulator or a sigma delta modulator.

In this thesis, it is organized into six chapters as the following:

Chapter 1 is the introduction providing the motivation for the research, and reviewing the
published researches.

In chapter 2, the fundamental of modulation is provided. It is started with a brief introduction
of analog modulation which is an amplitude modulation and a frequency modulation. Next, it is
followed by the digital modulation which is a delta modulation. The last section of the chapter, a
sigma delta modulation is presented. The significant parameters of each modulation technique
discussed in this chapter will be employed to describe and analyze the behaviour of the modulator

circuit in chapter 4.



In chapter 3, a brief description of a balanced OTA is mentioned. This includes a description
of the circuit’s function and shows the significant parameter such as gain bandwidth product, slew
rate of the circuit. Also, the procedure to design a balanced OTA is presented.

Chapter 4 describes a novel versatile modulator circuit that can operate either as a delta
modulator, a sigma delta modulator, an amplitude modulator or a frequency modulator. In this
chapter, the technique to modify a Schmitt-trigger circuit as a modulator circuit is fully described. For
each modulator circuit, the important parameter is considered and used to explain the behaviour of the
modulator’s circuit. In addition, the performance of the proposed circuit in term of slew rate and the
noise of OTA is also analyzed.

In chapter 5, the simulation results are demonstrated. Various characteristics of the proposed
circuit such as amplitude and frequency control, the frequency response of the circuit and the
temperature stability of the output frequency are shown. Then the results of applying the circuit for
amplitude and frequency modulation are illustrated in both time domain and frequency domain. In
addition, the waveform and the corresponding spectrum of delta modulation and sigma delta
modulation are given. Furthermore, a short brief of analog layout design for the proposed circuit is
introduced.

Finally, the conclusions are provided in chapter 6.



CHAPTER 2

Fundamental of modulation

In telecommunications, modulation is the process of shifting the spectrum of the information
signal to frequency range that is satisfied with frequency characteristic of transmission medium. In
analog modulation, the modulation is applied in response to the analog information signal, for
example an audio signal or TV signal. Common- analog modulation techniques are amplitude
modulation and frequency modulation which are mostly used in radio and television broadcast
system. In addition, pulse modulation schemes also allow the analog signal to be transferred as a
digital signal. Some cases of this technique are delta modulation and sigma delta modulation which
are widely employed in digital signal processing and power system.

. In this chapter, the fundamental of modulation is presented. It is started with a brief
introduction of an analog modulation theory which are an amplitude modulation and a frequency
modulation, respectively. It is then followed by the pulse modulation which is a delta modulation in

the next section. Finally, a sigma delta modulation is presented in the last section of the chapter.

2.1 Amplitude modulation

For the amplitude modulation (AM), the carrier signal’s amplitude is linearly varied to an
input signal. It can also be classified into AM double sideband suppressed carrier (AM-DSBSC), AM
single sideband (AM-SSB) and AM with carrier or AM large carrier. Based on the complication of the
demodulation in AM-DSBSC and AM-SSB, the AM with carrier is widely used in the

communication, mostly in radio and television broadcast. Thus, in this section, the brief review of AM

with carrier is presented.

In general, the carrier signal is a sinusoidal signal that can be written as

c(t) = A cos(wt), 2.1)

where A, is an amplitude of a carrier and W is a carrier’s frequency. Then amplitude modulation is

created by

Ganm (1) = [A+m(D)]- c(t) (2.2)



= [A +m(t)] A cos(wet), (2.3)

where A represents a constant.

From Eq.(2.3), if A is large enough, the magnitude of the modulated waveform will be
proportional to m (%), so that ]A +m (t)] 2 0 at all time, or

A 2 Im(t)lmin ° (24)

For a special case of single frequency sinusoidal modulation signal, which is m (t) = A, cos (wmt) ,

the relative proportion of information’s magnitude and carrier’s magnitude are defined as a

modulation index of AM waveform which is obtained by

lm ( t)lmin

modulation index =-——-——00 (2.5)

4]

By substituting m (¢) = A, cos(w t) into Eq.(2.3) and it is assumed that A, = 1, it thus yields

m

Gun () = [A + A_ cos (wmt)] - cos (wpt) (2.6)

P (1) = Acos(wgt) + -A’é'—’-cos (we + w,) t) + %‘-cos ((we — wm)t). -7

where m (t) is an input signal, ¢(t) is a carrier signal, A represents an amplifier’s gain.

From Eq.(2.7), the modulated signal has three components which are a carrier wave and two
sinusoidal waves (known as sidebands). Since both sidebands contain the carrier component,
therefore, this type of AM is called AM with carrier as the system shown in Fig.2.1. Moreover, the
bandwidth of AM with carrier can be determined by computing the difference between the highest

frequency component and the lowest frequency component, which is
bandwidth =(w, + @, ) - (o, - @,,) = 2a,,. (2.8)

In addition, it is noticed that if A in Eq.(2.7) is zero, the carrier component is eliminated. In

this case, it is called AM double sideband suppressed carrier (AM-DSBSC).



Fig.2.1. AM with carrier modulator system

Performance of AM with carrier
In AM with carrier signal, the message signal is contained in the sidebands (see Eq.(2.7)).
Thus, the power is wasted in sending the carrier component. In general, the performance of AM with

carrier can be defined as

Efficiency = (2.9)

total

Under the best condition where modulation index is 100%, the efficiency at best is found to be 33%
where 67% of the total power is wasted in the carrier. For other case which modulation index is lower

than 100%, the efficiency of AM with carrier will of course be less than 33%.

AM with carrier demodulation

Based on the modulated waveform, it is found that the amplitude is linearly varied with the
message signal. The envelope of the AM signal thus represents the message signal. The envelope
detector then is the most popular that is used to directly detect the envelope of the modulated signal.

The block diagram of the envelope detector is demonstrated in Fig.2.2.



Halfwave Lowpass
¢AM (t) o> Rectifier > filter 0 % (t)

Fig.2.2. Block diagram of the envelope detector

The rectifier output is found to be

v o) Gam (1)s Bupy (1) >0
() = , .10
0, fy(®)<0 )
it can be rewritten as
V.(8)= ¢ (1) 2(1),
(2.11)
© 1, ¢u(@)>0
pi) = , (2.12)
0 ) ¢AM (t) <0
where p (%) is a square wave whose frequency is w,, , that is
1 2&sin(2n+1)
)=+ 2Rt
PO o 213)
By Substituting Eq.(2.3) and Eq.(2.13) into Eq.(2.11), then
1 2&sin(2n+1
V,(t) = [[4+m()]- A cos(wt)]- [5 + ;Z%Zl—)wct]. (2.18)
n=0

The lowpass filter is used to filter out the component at w, and the higher harmonics, the output will

be

W (2.15)

v (2) =



It is found that the output signal is a message signal and a DC term. In addition, it is noted that the
system shown in Fig.2.2 is not complicate, so it is the reason why the AM-with carrier is widely used

than AM-DSBSC and AM-SSB.

2.2 Frequency modulation

For frequency modulation, the information signal (m (t)) is the factor that vary the carrier’s
frequency. Based on the modulation index (), FM can be categorized into narrow band FM and
wideband FM. If the FM modulation index is less than 0.5, it is the narrowband FM. The bandwidth

of narrow band FM can be determined by

B ”/NBFM = 2(1)’" > (2'1 6)

where @, is frequency of the information signal.
For the case that 3 is larger than 0.5, it gives the wideband FM. To determine bandwidth of

the wideband FM, the Carson’s rule is used to approximate, which is
BWyprw =2(B+1)w,. (2.17)

For frequency modulation, it is well-known that the instantaneous frequency of FM is directly

proportional to the input signal, as given by
@, =Wy + k/m ), (2.18)

where @, is carrier signal’s frequency and k] represents modulation sensitivity. Let the sinusoidal

modulating signal be
m(t) = A4, cos(o,t). (2.19)
then Eq.(2.18) can be rewritten as

w; = 0 + kA, cos(o,t). (2.20)



Now let the peak frequency deviation be defined by
Aw=kA, .
Hence,
®, = O + Awcos(w,t).
In addition, it is found that phase of FM signal is

O(t) = wyt + —A-a—)sin(a) t) = o t + Bsin(w,t),

m
m

where

is called FM modulation index. Therefore, the FM signal is defined as
Ben (t) = A cos (gt + Bsin (@,t))-

By applying a trigonometry’s formula into Eq.(2.25), it then can be rewritten as

b (1) = Ag cos (wt) cos (Bsin (,,t)) - A, sin(at)sin (B sin(@,t)).

Using a Taylor’s series for a small B (8 < 0.5), it yeilds
cos (,B sin (a)mt)) ~1,
sin(Bsin(w,t)) = Bsin(w,t).
Thus, Eq.(2.26) can be reformed as

Beas (t) = Ac cos(@gt) — AgBsin(wgt)sin (w,,t),

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)
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By (1) = A cos(a)c.t) - A2'8 cos (( - ) )+ C'B cos (((oc. + (om)t) (2.30)

Similarly to AM, it is seen that the modulated signal shown in Eq.(2.30) is composed of
carrier wave and two sidebands. For bandwidth of FM. it can be computed from the difference

between the highest frequency component and the lowest frequency component as given by
bandwidth =(aw, + @,,) ~ (0 - @,,) = 20, . (2.31)

With the condition of a small J (3 < 0.5)that provide such bandwidth, this type of FM is called the

narrowband FM.
For the larger (8 = 0.5) which otherwise provides the wideband FM, Eq.(2.27) and

Eq.(2.28) cannot be directly applied into Eq.(2.26). In this case, Fourier series is used to analyze the

spectrum of the FM signal as following

$ry (1) = Re {Acemct . emm(%’)}‘ (2.32)

By expanding term e”?"™“") with Fourier’s series, which is
Y €Xp 4

]ﬁ«nn(m,,,l) Z Elej""’mf , (2.33)
where
_ 1 m2 ipdinent) et
Bo=g Leetera. 0

This integral can be evaluated numerically in term of the parameter B and n, denoted by J, ()
which is called a Bessel function of the first kind of order n and argument . Using these results,

Eq.(2.33) can be expressed as

e = 3 7, (B)em @59

n=-om
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and Eq.(2.32) becomes

Pr (t) = Re {Acej”‘"' | i J. (B) ejm"l}' (2.36)

P () = A i J, (,B)cos(a)c + na)m)t. (2.37)

From Eq.(2.37), it is noticed that the FM signal has an infinite sideband. However, the magnitude of

the spectrum components of high order sidebands are insignificant as demonstrated in Fig.2.3.

1.0
0.8
0.6
0.
J,(8)
0.2

0.0

Fig.2.3. Plot of Bessel function of the first kind
Therefore, bandwidth of the FM signal with large [ depends on number of significant sidebands
which are based on the value of . However, J.R.Carson proposed the approximation of a FM’s

bandwidth which 1s defined by

BWyprnw =2(f+ 1) @, . (2.38)

and it is called Carson’s rule.
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FM demodulation
There are many techniques to recover the modulating signal from the FM waveform. In this

section, only a direct method is discussed. A block diagram of the direct method is shown in Fig.2 4.

b L Tt om)
Fig.2.4. A direct method
The general FM waveform is
Pry () = A; cos [a)ct +k Im(t) dt:] . (2.39)
Then, the differentiated output is
ey () = —(a)c +k,m (t))AC cos[a)ct +k, Im (t)dt] (2.40)

It is noticed that Eq.(2.40) is in the form of AM with carrier’s signal. Thus, the envelope detector

circuit is used to detect an envelope of the modulated signal directly.

2. 3 Delta modulation

Pulse code modulation (PCM) is a technique that is known as an analog to digital signal
conversion and used for voice transmission. The magnitude of the signal is sampled regularly at
uniform intervals, and then quantized to a series of symbols in a binary code. But the major
disadvantage of PCM is that there exists data redundancy in encoding digital signal. To alleviate this
problem, the difference between a current sample and its predicted value has been instead encoded.
Such technique is well-known as differential pulse code modulation (DPCM). For a special case of
DPCM which provides one-bit encoding output, it is known to be delta modulation (DM), whose
encoder system is shown in Fig.2.5 where z(t) is an input signal , Z(t) is a predicted signal and

y(t) is a delta modulation’s signal.



1-bit quantizer

Js

v

+
Encoder: X il
z(t)
Jat
Lowpass
Decoder: Vpys (£)o— Idt — filter [ 2% (1)

Fig.2.5. Delta modulator system

From Fig.2.5, when an input signal is present, it is compared with a predicted signal that
accomplished by successive steps, either up or down, by a step size (a) which resulted from
integrating a digital output signal. The difference signal z(t)- Z(t) is then fed to 1-bit quantizer. If
the difference signal is positive then the predicted signal will be increased with step size a, and
output logic is high. If the difference signal is negative then the predicted signal is decreased with step

size a , and output logic is low. The delta modulator output can be demonstrated in Fig.2.6.

—>||e— T

N A’E(t) ;
S

1 M ]
[ HiERE

y(t)

Fig.2.6. Delta modulation’s signal

Since the output of the 1-bit quantizer in the encoder is a stepped approximation of the input
signal. Therefore, an integrator is used to estimate the original signal where a low pass filter is

employed to smooth the recovered signal.
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Distortion of Delta modulation
In general, there are two types of distortion occurred in delta modulation as follow.

1. Slope overload distortion
This type of distortion is due to the use of too small step size. It then cannot follow portions

of the waveform that have a steep slope as shown in Fig.2.7.

Slope overload

Granular noise

Fig.2.7. Delta modilations distortion

The rate of rise, or slope overload in the approximation of the input signal, can be determined
from the changing of an input signal related to the changing of time. In case that, the input signal

m (t) is assumed to be A cos (27 ft), then the slope overload is

dm(t

’———()— = A2nf. (2.41)
At |omex
If the step size is a , then the slope of step size is
) a
Slope of step size = ~7—1 = af,. (2.42)
Hence, to avoid the slope overload distortion

af, > A2nf. (2.43)

From Eq.(2.43), the slope overload distortion can be reduced by
- Increasing the sampling frequency ( ]‘;) ;however, it also increases an output’s bit rate.

- Increasing the step size (a), but it similarly gains the quantization error.
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2. Granular noise (also called as quantization error)

This distortion results from using too large step size. From Eq.(2.43), it indicates that if
af, > A2n f, then the slope overload distortion will have no effect. Therefore, the quantization error
1s considered. Assume that the quantization error is uniformly distributed over the interval [—a, a],

then the mean square quantization error is a° /3. To measure quantization error, it is assumed that

1 .
its power spectrum density is constant to  f, = — . Moreover, if the filter has a bandwidth f, where
4 T m

£, < [, then the mean squared quantization error is

N=nl(t)=— = (2.44)

m’ (t) (2.45)

From Eq.(2.45), the granular noise can be reduced by decreasing the step size. To consider the detail,
2
let m(t) be Acos(2m ft), the mean squared value be b% In addition, using Eq.(2.43) to eliminate

2n f

slope overload distortion, a step size is specified to a = 7 so that
s _ 8 f
—_—= J 2 (2.46)
N 8n° f.f

In general, the amplitude of an input signal should be covered in a dynamic range which is
(Amnx A, )2, where A, and A are the maximum amplitude of an input signal and minimum
amplitude of an input signal, respectively. In addition, the signal to.noise ratio is minimum when the

amplitude of an input signal is A . Since, the step size is designated by A, __, thus

Aﬂllx 27rf

a = —2—— and Eq.(2.45) is rewritten to

k]

S
'_N_ 87r2 -fﬂl f2 'A:]AX
3
_ 3 .
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Effect of quantization noise in a delta modulation system
To analyze the characteristics of the delta modulator, the Laplace transform is used to model
it in the frequency domain as illustrated in Fig.2.8. The integrator is replaced with a transfer function

1/s and the quantizer is modeled as a noise source N(s).

N(s) : quantization noise

X(s) Y 1 — X(s)
Q @ (S)_> ; > Lﬁ?;;’;.
1
A}
integration

Fig.2.8. Delta modulation system

Signal transfer function

To examine a signal transfer function, the quantization noise is set to be zero, then

Yo = X(s)— L& (2.48)
S
Y& s
= 2.49
X(s) s+1 (2.49)

From Eq.(2.49), the magnitude response of the signal transfer function is shown in Fig.2.9, which is

seen to be a high pass filter.

Y
X(s)

A 4
»

Fig.2.9. Magnitude response of signal transfer function (DM system)
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Noise transfer function
To analyze a noise transfer function, the input’s signal is set to be zero, then the following
result is obtained
Y
Y =N)——— (2.50)
S
Y
®_ 2 @2.51)
N(s) s+1

From Eq.(2.51), the magnitude response of noise transfer function is a high pass filter that is similar to

that of the signal transfer function.

Ys) 4
N(s)

v
»

Fig.2.10. Magnitude response of noise transfer function (DM system)

Since the signal transfer function and noise transfer function occupy the same frequency response,

hence, no filter can remove quantization noise from the modulated signal.

2.4 Sigma delta modulation
For the delta modulation, its output signal is found to be a differentiated version of the input
signal. The integrator is therefore needed for the demodulation process. Hence, to omit the integrator

in the demodulator, the input signal must be integrated before the modulation. Since an integrator
operator is a linear function, i.e.,e(t) = f'v,." (t)dt —f vy (B)dt = f('vi,l (t) — vpy (t))dt, 2
single integrator is only required in the modulator. The resulted system as depicted in Fig.2.11 is well-

known to be a sigma delta modulation system.

71915



Encoder Decoder

Low pass

v,, (1) fat |H a/p © Uy (£) o L7 P o, (1)

Fig.2.11. Sigma delta modulation system

Effect of quantization noise in a sigma delta modulation system

To examine the characteristics of the sigma delta modulator, the model in the frequency

domain of the system is employed as shown in Fig.2.12. The integrator is replaced with a filter whose

transfer function is H(s) =1/s and the quantizer is modeled as a noise source whose noise

contribution is N (s).

integration N(s) : quantization noise

X (8) 1 Y (35 Low pass X (9
| ; filter

Fig.2.12. Sigma delta modulation system in frequency domain realization

Signal transfer function

By letting NV (s) be zero for the moment, and solving for Y (s)/ X (s), the following result is

obtained

Yo =(X®-Y (s))—l- (2.52)
S
Y (s 1
= 2.53
X(s) s+1 @33)

From Eq.(2.53), the magnitude response of signal transfer function is shown in Fig.2.13, which is a

low pass filter.
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Y A
X(s)

\ 4
w

Fig.2.13. Magnitude response of signal transfer function (Sigma delta modulation)

Noise transfer function

By letting the signal X (s) = O and solving for Y (s) / N (s) that is

Yis)= N(s)— L (2.54)
S
Y () s
= 2.55
N(s) s+1 (255)

From Eq.(2.55), the magnitude response of noise transfer function is depicted in Fig.2.14. It is seen to

be a high pass filter.

Y A
N(s)

\ 4
[

Fig.2.14. Magnitude response of noise transfer function (Sigma delta modulation)

By examining Eq.(2.53) and Eq.(2.55) above, they indicate that the modulator acts as a low
pass filter for the input signal and a high pass filter for noise. As the result, in the lower frequency
band, the desired input signals are passed, while the noise is suppressed to a great extent which is
called a noise shaping. The sigma delta modulation thus provides higher SNR compared to the delta

modulation.



CHAPTER 3

Operational transconductance amplifier

Operational tansconductance amplifier (OTA) is a device that converts an input voltage to an
output current. Its property is thus identical to a voltage controlled current source (VCCS) where the
ratio of output current to input voltage is called transconductance gain. The characteristics of the ideal
OTA are high input impedance, high output impedance and the transconductance parameter is
controlled by an external bias current.

In general, OTA is constructed by semiconductor with bipolar or CMOS technology. In
addition, there are several topologies of OTA such as the single stage topology, the multi-stage
cascode topology, the folded-cascode topology, the telescopic topology and the balanced topology. To
select an optimal topology for the OTA, several fundamental principles and trade qffs are required for
consideration based on the specific requirements.

In this chapter, the discussion of the balanced OTA is briefly reviewed in the first section.
Next section, the important parameters such as gain bandwidth product, slew rate are introduced.

Finally, design procedure of the balanced OTA is described.

3.1 Balanced OTA
A CMOS balanced OTA is a single stage topology which is realized with a differential pair
(M, - M,) as input stage and three current mirrors ( M, - M ) as depicted in Fig. 3.1.

Fig. 3.1. A CMOS balanced operational transconductance amplifier
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Circuit operation

Based on the circuit given in Fig.3.1, let the MOSFET M, and M, be matched, and the
current mirrors have unity current gain and all MOSFETs are biased in order to operate in saturation
region. In the circuit, the current %, is a reference current of the current mirror that is composed of the
transistor M, and MG, then 7, = 1,. Likewise, the curmrent 4 is a reference current of the current
mirror that is comprised of the transistor M, and M,, thus 4, = ¢ . Also, the current %, is a
reference current of the current mirror that is comprised of the transistor M, and M, thus %, = 4.

The output current is then found to be
L=t =% =4 g 3.1)
and is equal to the different current in the differential pair M, and M, . Thus,
i, =g,V (3.2)

where the transconductance is

I = \/ﬂnCOX ("V/L)l,2 Tpias (3.3)

and 4, is a carrier mobility, C,, is a gate capacity per unit area, (PV / L)] , is an aspect ratio of M,

and M, and Ip,, is an external bias current.

3.2 Parameters of OTA

3.2.1 Gain bandwidth product
For the expression of the dc open-loop gain and the dominant pole of OTA, they are known

and f,, =1/(27R

out

C ,_,md) , respectively, where g, is the small-signal

to be Au = gml,2erI

transconductance of M, and M,, R, and C, , are the equivalent resistance and capacitance at the

output node. Therefore, the gain bandwidth product (GBW ) is given by

GBW =g,,, /(2710,_“,,). (3.4)
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The first internal pole of OTA at the internal node X is determined by the total capacitance C, at

the intemal node X and the transconductance g, , of M, as follows

f:\’ = gm3 /(2ﬂC,\’) i ) (3-5)

The capacitance Cy is the sum of intrinsic, overlap, and drain-substrate capacitances of M,, M,

and M, connected to the node X which is
Cx = Cgsy + Casa + Cosos + Cosos + Copos + Crps + Cppy + Copon» (3.6)

where

Cgs : Gate-source intrinsic capacitance,
Cso : Gate-source overlap capacitance,
: Gate-drain overlap capacitance,

Cpp : Drain-substrate capacitance.

By considering only the significant intrinsic capacitance which is the capacitance between gate and

source, it yields
Cy = Cpgy + Cpsa- (3.7
Likewise, the internal poles of OTA at node Y and node Z respectively are
fy = 9. /(27Cy), (3.8)
fr = gmg/(2”Cz)- (3.9)
Similarly, the capacitance C). and C, at the node Y and Z respectively are
Cy = Cgsy + Cgse (3.10)
C, = Cgs: + Oy (3.11)

Practically, the condition 2GBW < min [ fer Jos fz] achieves a phase margin greater than 45°.
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3.2.2 Slew rate

In this circuit, the maximum current delivered to the load is [, s, the slew rate then will be

]Bl.-lS

Slew rate = (3.12)

‘.
Lowid

where C,., is the capacitance at the output node. To avoid limitation of settling time by slew rate,
. Ip;4s should be large enough. However, the increasing in J,,,; leads to the increasing in static

power dissipation.

3.3 Design procedure

Design procedure for the conventional OTA

In modern wireless and portable electronics, low weight and small size of the battery,
including low voltage oper;;tion aﬁd low power dissipation are required to extend battery lifetime.
But, for high-speed operation, fast OTA settling response is required which demands both high slew
rate and wide bandwidth. Hence, there exists traded-off between static power consumption and slew
rate which must be well compromised.

In the following design procedure, it is assumed that the specifications of the following
parameters are given: load capacitance, output voltage swing, power dissipation, uvnity gain-
bandwidth product, slew rate, gain at dc and input comumon mode range. Then, the design procedure is

listed as following steps:

Step 1. The maximum bias current is determined by considering the power dissipation and the slew

rate specifications of the circuit, which are
P = Ipps (VD - Vss)- (3.13)

]BIAS

Slew rate= (3.14)

Load

Step 2. Next, by using the unity gain-bandwidth product, the transconductance of M, , M, is defined

which is

=2xC,,,,-GBW . (3.15)

Im12
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Step 3. From the previous step, by using at least 2 parameters which are I, and g, of M, , M, an

aspect ratio W / L of M,, M, then is

14 g2 1
—_ = mn 'h K =z C .
( I );.z oK. 1, where K 3 .Y ox (3.16)

Step 4. By assuming that the MOS diode loads of M, , M, run in saturation region, the aspect ratio

W /L of My, M,, M, and M, can be calculated by

(The s
L J346s Kp (Vps (sa.t))2 (3.17)

Vop =V
where Vp, (sat) = Dp—zm—(ﬂ"l and Kp = %/‘pcox'

To consider the worst case scenario, let 1, = Ip,,c /2. In this step, if the aspect ratio W / L is very

large then the bandwidth is affected by the internal poles at the node X, Y.

Step 5. Similar to the previous step, the aspect ratio W / L of M, M can be determined as follows

(7).,
L) Ky (Vs (sat)) (3.18)

Vou:(min) - Vss

where V¢ (sat) = and I, =1,,./2 is considered for the worst case.

Step 6. In this step, V. (sat) is considered from the common mode case which is

Vpss (sat) = Viemguin) — Yesn (3.19)
where V,_ is an input common mode voltage.
Step 7. The aspect ratio W / L of M, thenis
Wy 2I,
('Z‘l = Ky (Voss (5 t))z . (3.20)
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Step 8. To verify the designed OTA, the gain specification is examined by

g 2
A, =g, R, =—2-x 3.21
v T I Ipias (A"”L) G20

where A, is the channel length modulation of the " MOS.
If the gain specification is not satisfied, it can be adjusted by increasing the aspect ratio W /L of
M, or decreasing the bias current. However, calculation of all steps must be rechecked whenever any

parameter is changed to ensure that the specifications have been satisfied.

Step 9. Once all parameters are satisfied, the circuit is simulated to verify all specifications.



CHAPTER 4

A novel versatile modulator circuit

Based upon the literature reviews in chapter 1, a novel versatile modulator circuit that can
operate either as a delta modulator, a sigma delta modulator, an amplitude modulator or a frequency
modulator is presented in this chapter. The principle of the proposed scheme is based on a schmitt-
trigger circuit which is composed of a few components such as three OTAs, one capacitor and two
resistors. In addition, the advantage of this circuit is that the clock (carrier) signal employed for
.modulation is inherent in the circuit. Therefore, the modulating signal is just only one requirement for
an external input. With the compactness of the circuit, it is then suitable to be fabricated for integrated
circuit.

The organization of this chapter will be arranged as follows. In‘section 1, the principles of a
pulse generator is discussed. For section 1], a delta modulator, a sigma delta modulator, an amplitude
modulator and a frequency modulator are described. Finally the performance analysis such as a

frequency error by slew rate of the OTA and a noise of the OTA are given in section 111

4.1 A pulse generator circuit
In this section, a pulse generator which has played an important role in this work is presented.
The proposed circuit employed here is basically modified from the Schmitt trigger circuit [15]-{17] as

illustrated in Fig.4.1.

Fig.4.1. Schmitt trigger circuit
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Basically, the OTA is considered as an adjustable resister, which is controlled by bias current
(I ), where the Op-Amp, the capacitor C' and the resisters i, , R, are cooperated to function an
inverting Schmitt trigger circuit. But the disadvantage of this scheme is high sensitive to temperature.
Hence, a temperature insensitive pulse generator circuit is proposed as demonstrated in Fig.4.2.(a).
Moreover, to gain the ability of electrical amplitude control, the circuit given in Fig.4.2.a is further

modified by replacing the Op-Amp with the OTA2 and a resister R, which is shown in Fig.4.2.(b).

o, (1)

Fig.4.2. Improved pulse generator circuit
(a) for temperature-insensitive

(b) for both temperature-insensitive and electrical amplitude control

As can be seen, an OTAI and a timing capacitor C function as an integrator whose time
constant is directly proportional to the bias current 51 - Next, the voltage divider circuit is achieved by

a resistor]'?.l and an OTA3 where the threshold level ('vm ) is varied with the bias current [ Ba-

1V
For the last part, an OTA2 is a comparator whose saturation voltage across a resistor R,, is directly
controlled by the bias current J 52°

For the operation of the proposed scheme, it can be described as follows. At the first instance,
it is supposed that the voltage across the capacitor is zero (v, (0) = 0) and all OTAs are operated in

saturate mode. When the power supplies are turn on, the OTA2 and the OTA3 give the output current

I and J

OTA2 OTA3’

then the upper threshold voltage of the OTA3 is

respectively. These currents are assumed to be in outward directions of the OTAs,
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U = Iom.zRﬁ : 4.0
Simultaneously, the output current / or4; 18 provided by OTA] that causes the capacitor C

to be charged. The voltage v, (t) is then linearly increased. When this voltage level is nearly close to

the threshold voltage v, , the output current of the OTAZ starts to change its direction. As the result,

the threshold voltage of the OTA3 is changed to its lowest level, which is

U = _IOTA3R1' (4.2)

Suddenly, the output current of the OTA1 converts its direction and flows into the device, the
capacitor C is discharged resulting in the voltage v, () is linearly decreased. When this voltage
level is almost equal to the lower threshold voltage v, , the output current of the OTA2 starts
changing its direction again. The same operation of the proposed circuit is therefore repeated, which is
based on periodical charge and discharge of the capacitor. Consequently, the triangular wave and

square wave are then generated which can be graphically shown in Fig.4.3.

4.1.1 Oscillation frequency
In the previous subsection, the operation of the proposed circuit and how the fundamental
triangular and square wave are generated have been described. The oscillated frequency thus will be

discussed in this subsection. It is noted that all of active elements employed in the circuit are assumed

to be ideal.

U | / s (8)
E : >

Up (1)

-----

<

by

= o
cﬂ

s

Fig.4.3. The oscillated signals of the proposed circuit
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For the explanation, let us begin with the relation between voltage and current of the capacitor which
is

_ %)
= prt (4.3)

e

By rearranging of Eq.(4.3) that is

o _ o) _ o (8) =7 ()
¢ dt b=t (4.4)

As depicted in Fig.4.3, let us consider the voltage v, (1) attime ¢ and ¢ , which are v, (t]) = Uy

and v, (1,) = 0. Eq.4.4) is thus rewritten to be

Y~ 0 _ Yy

. (4.5)
t—t, At

ngs.

It is obtained that the rising time At of the triangular wave then is

v
At=C-%. 4.6)
C

Since 4; (t) = Ippy, and v, =1 R , it thus gives

I
At = CR -2T4% (4.7)
OTA)

As can be seen in Fig.4.3, the period of oscillation is four times of the rising time At which is

(4.8)
0TA1

I
T = 4At = 4CR, [%)

Hence, the oscillation frequency readily is
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f= ___(_QmJ (4.9)
4CRI IOTAS

Based on the fact that all OTAs are simultaneously operated in either saturation or non-saturation

mode. The operation of OTAs is therefore brietly reviewed as follows.

Case 1: the OTA1 and the OTA3 are operated in saturation mode
When the OTA] and OTA3 are operated in saturation mode, their output currents are at the

maximum level which are | 5 and 1 respectively. The oscillated frequency of this case therefore

B3 ?

is

— 1 IB)
f= iCR [IBJ- (4.10)

Case 11: the OTA1 and the OTA3 are operated in non-saturation mode
By realizing that the OTAs are in CMOS structure, the output current of the OTAs thus are

Iorn = 9V (1) I ory = 9,,,Y, (2). 1t is noted that the transconductance of the OTAI and the

W w
OTA3 [13] are approximately to be g = ,’QynCoI—L—Jm and g . = V’Zluncorf]m .

respectively. It is also supposed that both OTAs are matched. By substituting these patameters into

Eq.(4.9), it thus results in

‘..

1 1
= A (a.11)
ACR\1,,

f

The relations in Eq.(4.10) and Eq.(4.11) show that the oscillation frequency is independent on

the transconductance of the OTAs. More importantly, it implies that not only frequency is
temperature-insensitive but also can be electronically adjusted by the bias currents | 5 and/or I B3
Furthermore, when the OTA2 is in saturation mode, the peak-to-peak amplitude of the output signal is

given by

v, , ()] =21,,R,. (4.12)



It is noticed that, the amplitude of the output signal can be electronically adjusted by the bias current
I B2

As previously described, it is obvious that the proposed circuit given in Fig.4.2.b has
advantages in both temperature-insensitive and amplitude/frequency independently adjustment which

are confirmed by Eq.(4.10), Eq.(4.11) and Eq.(4.12), respectively. However, the non-ideal effect of

the active components will have an affect on the ideal operation which will be later discussed.

4.2 A novel versatile modulator circuit

4.2.1. Amplitude modulator circuit

Base on the characteristic of the proposed circuit that the amplitude of the pulse signal can be
adjusted by electronic tuning which is confirmed by Eq.(4.12), hence if the bias current [ o IS an
information signal, the proposed scheme then operates as an amplitude modulator as illustrate in
Fig.4.4. With this concept, by assuming that the bias current I is [ et F I a()? where I”ﬂ_ml is dc

offset current and Im(,) denotes the information signal.

Ipy=1,,+1

m{t)

offset

—o U, (1) = v, (1)

Fig.4.4. The proposed circuit for an amplitude modulator
Eq.(4.12) is then rewritten to be

(4.13)

o O] =28 [y + 1]
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From Eq.(4.13), to eliminate the over modulation, the dc offset current In”m must be large enough,

the magnitude of the modulated waveform will be directly proportional to Im(t)’ so that

2> 0 at all time, or

IIajjsc{ + ]m(l)

‘[oj]'sel' 2 IIm(t) (4]4)

min
For a special case of a single frequency sinusoidal modulating signal, I (t) =1 cosw,t,
the relative proportion of information’s magnitude and carrier’s magnitude are defined as a

modulation index of AM waveform, which is found to be

Iml .
I(A' (4_]5)

modulation index =
,Ioffut '

Thus, the efficiency of AM can be determined.

4.2.2 Frequency modulator circuit

As described in section 4.1.1, the pulse’s frequency of the proposed circuit can be
electronically tuned as approved by Eq.(4.11), Eq.(4.12), then if I, performs as an information
signal, the proposed scheme thus can be applied to be a frequency modulator. The frequency

modulator circuit is given in Fig.4.5.

4

0 Uy (1) = vpy, (2)

ERO

Fig.4.5. The proposed circuit for a frequency modulator
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Then, by assuming that the OTA] and the OTA3 are operated in saturation mode where the bias

current Im is the information signal 11 the frequency of the FM circuit thus is

()’

f= Mo (4.16)
40&133 ' -

The relationship in Eq.(4.16) indicates that the pulse’s frequency is directly changed to the
information signal. The changing ratio of the output frequency to the information signal is defined to
be modulation sensitivity (k , ) , as given by

1 Af 1

1T AL_ 4CRI,.

m(t)

(4.17)

Therefore, the peak frequency deviation (Af), modulation index (/3)and bandwidth of FM (BW)

are obtained as following

-
Jij 7 (4.18)

where f_ is an information signal’s frequency, and bandwidth of FM is approximate to

BW =2(B+1)f,. (4.19)

4.2.3 Delta modulator circuit

Now let us describe how the proposed circuit depicted in Fig.4.2 (b) can be applied for a delta
modulator circuit. To achieve this application, the proposed circuit is slightly modified where the
terminal of resistor R, rather than grounded, is employed to be a feeding node for the input signal.
The modified circuit for a delta modulator is given in Fig.4.6 (b) which can be compared with a delta

modulation system as shown in Fig.4.6 (a).



—_—— e e e e = — = -y

Al/D E o vy, (t)

(b) Delta modulator circuit

Fig.4.6. A delta modulator circuit compared with a delta modulator system

In this case, the capacitor and the OTA1 construct the integrator circuit as shown in a dot line

block, where
_ gml
v (&) = <2 Ju, (). (4.20)

It is noticed that the integrator’s gain is g,,,/C . When the input signal v,_ (t) is presented, it thus is
compared with v, (t) . The pulse output signal is therefore generated according to the different signal

as shown in a dash line block in Fig.4.6 (b), that is given by

o (t) = sgnle(t)], (4.21)

o (1) = sen| o, (1) S22 fu, (1)t . 422)
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Hence, the described operation confirms that this circuit is a delta modulator circuit.
To obtain the performance of a delta modulator, step size and sampling frequency discussed

in Chapter 2 are considered. In this circuit, step size can be estimated by an integrator’s gain which is

bk}

. g
step size = ==,
14 C (4.23)

Furthermore, the sampling frequency ( f:s.) is inherent in the circuit as given by

1 (I
fo = 4cR, (1) “29

4.2.4 Sigma delta modulator circuit
To apply the proposed circuit to be a sigma delta modulator, it can be accomplished by
feeding the input signal at the inverting node of the OTAl as shown in Fig.4.7 (b) where a block

diagram of a sigma delta modulator system is given in Fig.4.7 (a).

v'."(t)o——@— Idt ——J:- A/D : o vy, () .

(b) Sigma delta modulator circuit

Fig.4.7. A sigma delta modulator circuit compared with a sigma delta modulator system
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For the operation of the sigma delta modulator, it can be described as follows. It is seen that
the capacitor and the OTA1 operate as an integrator (shown in a dot line block). Hence, when v, (t)
is present, the difference between the input signal v, (t) and the output signal v (t) is thus

integrated to be v, (t) with the gain g, /C’ .
v (1) = 72 [[u, (1) v (D}t @25)

When v, (t) is compared with the threshold voltage either Uy OF Uy, , it results in 'vo(t) which

obviously is the sigma delta modulator output (displayed in a dash line block).
v, (t) = sgn [vc (t)]. (4.26)

As discussed in section 2.4 of chapter 2, it is well-known that the noise transfer function is a
high pass filter which results in noise shaping characteristic of the circuit. The proposed sigma delta

modulator circuit gives a noise transfer function as

Up (S) _ s
n(s) s+ _g_ﬂ (427)
C
and a granular noise in sigma delta modulator is
2
2 s a j;n
My (8) = |—F——| 5" 2> (4.28)
" S + (gm] /C) 3 j;

where a is a step size, f,is a maximum frequency of information signal and f,is a sampling’s

frequency or clock’s frequency. By defining thata f, / f, is an over sampling rate (OSR)) , then

o f a1

m

V4 f2 + (g /) 3 OSE

N=n,, (t)= (4.29)
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2
If the input signal f(t) is Acos(2mft) then the mean square value is DR the signal to noise ratio

of the circuit thus is

s 3Jarfi+(g,/C)
N 167°f,

(OSRY'. (4.30)
4.3 Performance Analysis

4.3.1 Frequency error by slew rate of the OTA
Since output voltage does not change instantaneously during the transition from the upper
saturated voltage to the lower saturated voltage as shown in Fig.4.8, the slew rate thus has influence

on frequency of the oscillated signals.

A v, (1) A
|79 — oy
UIH ------ E"-':'l 25 - Uit - - ek
Vot 7/~ i
Vool B
L7 SEEES “ ETRRELELELELEL
v, L @i i@ 0
OL‘;_M”_JM, P V) S p—— Y Y — {'
i, hllsls Lty b

Fig.4.8. Voltage waveforms including slew rate effect

As shown in Fig.4.8, the period of oscillation is consisted of time interval of saturated operation and
that of non-saturated operation. Based on the relationship between voltage and current of the capacitor

as shown in Eq.(4.3), the slew rate (SR) is expressed as

dv (t)
SR =2 4
" ( .31)

Therefore, the time interval of saturated operation can be calculated by



T

SAT

= At +AL, + AL+ AL+ AL+ AL+ AL

_ (C Y J_'_ (Vn ~ Yon ) + YoL ~ (—VR) " (-—C U ~ Uy J
-SR -SR Iomx

1 0TA
" (~Vn ~ Yo ) + (UOH - VR ) +| —C Y (4.32)
SR \ SR oTAl

whereas, the time interval of non-saturated operation can be expressed by

Vo=V (Vi=(-Va)
= At23 + At(;7 = ( fSR R J + SR . (4.33)

7-:mn--SA T

The summation of T, . and T, ... thus results in the period of oscillation, which is

T=Tyr+T,, sir

2 (le vIL ) 2 ( OH OL )
— C + U U )
SR (4.34)

IOTA]

By substituting v, and v, by —v,, and —v, respectively, it thus yields

v 4

OTA)

Furthermore, it is assumed that the saturated voltage ('UOH) is equal to the supply voltage (V f c) and

v, = IomsRl ,» Eq.(4.35) can be rewritten to be

i
I 4V
T =4CR ————IOTA3 + —S;ZC . (4.36)
oral

Consequently, the oscillation frequency including the slew rate effect then is

1

f = T
4CR1 OTA3 . cc (437
I SR

OTAl



39

From Eq.(4.37), it implies that if an OTA has high slew rate compared to 4v,,, then the distortion in

the oscillation frequency can be neglected.

4.3.2 Noise of the OTA

Another limitation of CMOS component that should be mentioned is noise effect. In CMOS
circuit, noise can be modeled by a current source that represents two sources of noise, called thermal
noise and flicker noise [18]. Based upon the OTA which used in this thesis as illustrated in Fig3.1,
this noise can be illustrated as the short-circuit mean-square noise current which is a function of all
the noise source (¢, ) in a series with the gate as given by

2 _ 27 2 T2 2 2 2 2 (2, T2 2 (27,7
zlaial - gml enl + gm2en‘2 + gmﬁ (en!l + enﬁ) + gm.\‘ (6113 + en8) + gm7 (en7 + en!)) - (438)
Eq.(4.38) can be written to be

i2 4g:xPe:P + 2g;2n] e?xN + 29;2'17 ef2lN (439)

total —

: 2 2 2 2 2
where the following parameters are assumed g,.c = Gz = ips 1 = 2>

2 2 _ 2 _ 2 _ 2 2 _ 2 7 _ T2 _ 2
en4 =€ T €3 _enS - “nP and enl =€ en’n' = €y _enN'

By dividing both sides of Eq.(4.39) by g;‘;l , it results in the equivalent input mean-square voltage

noise as

7 92 2 92 e
. 2 m 2
e, = 4(—2—”)6” +2|1+ (_?lJ ey - (4.40)
gml gml

For thermal noise, €7, = €2, = e2, [13], then

— 2 2
efq = 4[‘—(]1‘;—'&) + 2(1 + (—g'i',;’) (——8KTJ (4.41)
gm] gm] 3g1n]

where K is Boltzmann’s constant and 7 is temperature in Kelvin.

But for flicker noise, [18]
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— B —
2 = N d 2 — P
en.'\ fLVL an enP f"VL (442)
KF Kr

where By = ,KF is a flicker noise coefficient , W is the width of MOS,

e rr———— , BP T e——
2Cox Ky 2Cox Kp
L is the length of MOS and /' is a frequency.

Finally, the total equivalent input mean-square voltage noise then is

2 2 ’
- ? 2 8KT g B B g.) B
¢ = []4 [—g""’ ) + 2(1 + (ﬁl) s> + 4(——""’ —Ff _y2E_ 42|t - : (4.43)
! \j{[ g:u 971:.1 39,1 g:u WL, WL, g:u fW.L;

Voo o

By considering Eq.(4.43), to minimize the thermal noise, it is obvious that the transconductance, g, ,,
must be large which can be achieved by large dc current or large aspect ratio of M, , . For the flicker

noise, it can be minimized through the circuit topology and aspect ratio of all MOS transistors.
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Simulation results

In this chapter, a novel versatile modulator circuit which is implemented by a balanced OTA
is shown and its simulation results are also presented. The simulation results are composed of the
characteristic of amplitude and frequency control, the frequency response of the circuit and the
temperature stability of the output frequency. Then, amplitude and frequency modulation’s results are
illustrated in both time domain and frequency domain. In addition, the waveform and the spectrum of
delta modulation and sigma delta modulation are given. Moreover, brief review of analog layout

design is introduced, and then the layout of the proposed circuit is also demonstrated.

5.1 A novel versatile modulator circuit

The proposed circuit is now implemented by using CMOS OTAs. This circuit is composed of
12 PMOSs, 18 NMOSs, two resistors and one capacitor as shown in Fig.5.1. It is noted that the
input’s feeding points for amplitude modulation, frequency modulation, sigma delta modulation and
delta modulation are %,_,\, (£), %, _pps(t), Yiospy (t) and v,,_p,, (), respectively, whereas the

modulated output signal is measured at the v,,, node.

Fig.5.1. Circuit description of the proposed scheme

5.2 Design a CMOS balanced OTA
The complete CMOS OTA circutt in Fig.5.1 is designed and post-layout simulated using

Cadence with level-49 process parameters of AMS 0.35 micron as shown in Table I.
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Table 1. Process parameters of AMS 0.35 micron

Typical Parameter Value

Parameter Description

N-Channel P-Channel Unit
Threshold voltage (V) 0.5 -0.65 14
Transconductance parameter (K) 170 58 HAV?

SPECIFICATIONS

Based on the design procedures described in Section 3.3., the OTA is designed with the

following requirements:

1. Gain: 80 dB

2. Gain bandwidth product: 100 MHz
3. Slew rate: 100V/us

4. Load Capacitance: 2 pF

5. V= -V =165V

6. Power consumption < 2 mW

With the specification, the aspect ratio (W / L)i of the i" MOS obtained from the designed

procedures is summarized in Table II.

Table 1. Summarized the aspect ratio (VW /L), of the i MOS

MOs | (W /L) | mos (W/L) MOS (w/L)
M, | 2314035 | M, | 2304035u | M, | 53.54/035u
M, | 5350351 | M, | 3.6035u | M, | 3.644/035u
M, | S35W035u | M, | 53.54/035u | M, | 3.64/035u
M, | 3.64035u

It is found from the design that the power dissipation is 1.32 mW and the gain is 8000, then
the specification of the desired OTA is satisfied. This designed OTA is employed to construct the
proposed versatile modulator circuit (as depicted in Fig.5.1). The circuit is simulated with £1.65 V

and R, R, are 2 k€2 and the capacitor is 0.01 4F.



43

5.3 Simulation results

5.3.1 Simulation results of pulse generator circuit

Firstly, the simulated result of pulse generator (as shown in Fig.5.1) is examined to
demonstrate the ability of electronically amplitude and frequency control. It can be accomplished by
putting the feeding point for v,,_gp,,(t) and v,,_p,,(t) to the circuit’s ground whereas v, _g,,(t) and

v,,_an (L) 10 are set to be DC voltage signal. The obtained results are given in Fig.5.2 where y-axis

on left-handed side and right-handed side are respectively for frequency and amplitude. For frequency
adjustment, /p, =0.1 mA, I, = 0.2 mA are employed whereas I is varied as shown on the x-axis

(bottom). For amplitude adjustment, / po 15 varied as shown on the x-axis (top) whereas [ = 0.2

mA, Ig; =02 mA are set.

Input Bias Cwirent |, J5, ( pA )

I 50 100 150 200 250 200
lOS 1 n - - e ~ n D l 0
10% 4 8
—
N o
E 1P 4~ - K f’
— . 2
> —o— C=InF Sumibtion Résul =
2 ©  C=lOWF Analucal Result £
2 e —®— C=0nF SwntsionReat | |, &
=3 O O=00F Auahvtial Resub . 1=
2 ~—a— (=0 0InF Simulation Resud | AH
B 4 C=D.0InF Analytical Remlt
10 .8 —— Ampli { i Result %
AN ©  Anplitnde: Analvtical Resuh fif
10° + 0.0

100 200 300 400

Input Bias Current , ky, (pA)

Fig.5.2. Electronically control of frequency and amplitude of the proposed circuit

To illustrate the frequency response of the proposed pulse generator, it is simulated by setting
the current I, o of all MOS transistors to be SO0LLA and the capacitor C is varied from 0.1 nF to 0.1
PF. The magnitude of frequency response is depicted in Fig.5.3. It is seen that the obtained cut-off

frequency is approximately 200 MHz.
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Fig.5.3. Frequency response of the proposed pulse generator

In general, the frequency stability of the pulse generator is primarily determined by the

1A ;
temperature coefficient of oscillation frequency which is defined as ——AL%XIOt’ (ppm/ ° C).
0

Fig.5.4 shows the temperature stability of the output frequency for low frequency at 100Hz and high
frequency at 100 MHz versus the temperature range from -45 to 85°C. It is found that their

temperature coefficients of -1025 ppm/° C and -692 ppnv/ ° C are obtained at frequency 150 Hz and at

frequency 100 MHz, respectively.
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Fig.5.4. Deviation of frequency versus temperature
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5.3.2 Simulation results of amplitude modulator circuit

In order to demonstrate the application from the ability of electrically amplitude control, the
circuit is therefore applied for amplitude modulator. When input signal is fed to the bias input node of
the OTA2, namely, [, (t)=1m“). The magnitude of output signal is directly proportion to bias
current of the OTA2. Let [, and [p, be fixed at 0.5 mA which provide inherent 25 kHz carrier
signal. Firstly, the simulated result of electronically amplitude control is shown in Fig.5.5.
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Fig.5.5. The simulated result of electronically amplitude control

Later, the amplitude modulation outputs are given in Fig 5.6 — Fig 5.14.
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Fig.5.6. Amplitude modulation result where the sinusoidal modulating signal with
1 kHz frequency, 204A amplitude and 100A offset is shown in the upper trace and

the lower trace is the square wave AM signal whose modulation index is 16%.
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Fig.5.7. Amplitude modulation result where the sinusoidal modulating signal with
1 kHz frequency, 504A amplitude and 1004A offset is shown in the upper trace and

the lower trace is the square wave AM signal whose modulation index is 40%.
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Fig.5.8. Amplitude modulation result where the sinusoidal modulating signal with
1 kHz frequency, 80xA amplitude and 1004A offset is shown in the upper trace and

the lower trace is the square wave AM signal whose modulation index is 70%.
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Fig.5.9. Amplitude modulation result where the triangular wave modulating signal
with 1 kHz frequency, 204A amplitude and 1004A offset is shown in the upper trace

and the lower trace is the square wave AM signal whose modulation index is 16%.
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Fig.5.10. Amplitude modulation result where the triangular wave modulating signal
with 1 kHz frequency, 504A amplitude and 100uA offset is shown in the upper trace

and the lower trace is the square wave AM signal whose modulation index is 40%.
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Fig.5.11. Amplitude modulation result where the triangular wave modulating signal
with 1 kHz frequency, 804A amplitude and 100A offset is shown in the upper trace

and the lower trace is the square wave AM signal whose modulation index is 70%.
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Fig.5.12. Amplitude modulation result where the square wave modulating signal with
1 kHz frequency, 204A amplitude and 1004A offset is shown in the upper trace and

the lower trace is the square wave AM signal whose modulation index is 16%.
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Fig.5.13. Amplitude modulation result where the square wave modulating signal with

1 kHz frequency, 50uA amplitude and 1004A offset is shown in the upper trace and

the lower trace is the square wave AM signal whose modulation index is 40%.
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Fig.5.14. Amplitude modulation result where the square wave modulating signal with

1 kHz frequency, 80A amplitude and 1004A offset is shown in the upper trace and

the lower trace is the square wave AM signal whose modulation index is 70%.
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