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1 Abstract 
Many analog systems need a stable power supply voltage that does not vary with 
temperature and time in order to operate properly. In a battery operated system 
the battery voltage is not stable, e.g. it decreases with decreasing temperature 
and with ageing. In that case a voltage regulator must be used, that regulates the 
battery voltage and generates a stable supply voltage to power other circuitry. 
 
In this thesis a voltage regulator to be used in a battery operated system has been 
designed which meets the given specification of stability and power capabilities. 
A voltage reference, which is a commonly used devise in analog circuits, was 
also designed. The role of a reference voltage in an electrical system is the same 
as for a tuning fork in a musical ensemble; to set a standard to which other 
voltages are compared. 
 
A functionality to detect when the lifetime of the battery is about to run out was 
also developed.
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2 Abbreviations 
 
ASIC – Application Specific Integrated Circuit 
BOD – Brown Out Detection 
OTA – Operational Transconductor 
TRG – Transmission Gate  
SSN - Simultaneous Switching Noise 
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3 Introduction 
3.1 Background 
The “Ella” ASIC (Application Specific Integrated Circuit) is a device in a 
portable, consumer application. The system (“Ella” and other components like a 
digital processor) is supplied via a battery and one problem is the fact that the 
battery voltage is not stable, it varies with temperature and time. To ensure the 
correct function of the system a voltage regulator must be used which regulates 
the battery voltage to a specified level as time and temperature independent as 
possible. This regulator should be placed inside Ella.  
 
An important part in the design of analog integrated circuits is to generate a 
reference voltage with a well defined value. A voltage reference is used in the 
regulator and it should also be placed in the “Ella” circuit. 
 
Moreover, in order to maximize the lifetime of the battery the voltage regulator 
should only be active, i.e. generate a regulated voltage, when the system is used. 
Other circuitry (not in the field of this thesis) will determine the activation and 
send a power control signal to the regulator and the reference. In off mode the 
power consumption should only be that due to leakage currents. 
 
To this regulator other parts in the system are attached that should only be 
activated when required (e.g. the processor). Those parts are referred to as the 
load. When active, the load needs to be supplied with power (supply voltage and 
load current) which sets constraints on the element inside the regulator.  
 
Moreover, if the regulated voltage should drop below a minimum level, which it 
will when the battery is getting old, a special “Brown-out-detection” 
functionality should notify the rest of the system of what is about to happen.  

3.2 Objective 
The objective of this thesis was to implement a voltage regulator meeting a 
certain performance specification, a voltage reference, and a “Brown-out-
detection” functionality (BOD) to be used in the analog circuit “Ella”. The 
implementation involved both electric design (only DC analysis) and layout 
design.  

3.3 Method 
To fulfill this aim, a literature study on voltage regulators and voltage references 
was performed followed by an investigation about what has been used in earlier 
projects at Sicon. A lot of issues were discussed with Robert Hägglund at the 
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Department of Electrical Engineering at Linköping University and colleagues at 
Sicon leading up to the fact that analog circuit design is an area where 
experience is of great importance. Therefore some of the solutions will be based 
on advice from the analog designer Bertil Sigfridsson at SiCon. 
 
The design tools to be used were MicroSim Release 8 Schematics Editor for the 
electrical design and Mentor Graphics Led for the layout design. For the 
simulations (transistor-level) Mentor Graphics Eldo was used. 

3.4 Limitations 
Since this work was involved in a company project there was a deadline before 
which the design had to be finished. In order to meet the deadline at the end of 
May the first 12 weeks were dedicated to the technical part of the thesis while 
the following 8 weeks were used to write the report.  
 
The process to be used was AMS 0.35µm CMOS process which limits the 
implementation possibilities.  
 
Due to company confidentiality agreements some sizes of elements and some 
specification properties are not included in this report.  

3.5 Company 
This thesis was performed at Silicon Construction AB (referred to as Sicon in 
this report), a company in Mjärdevi science Park in Linköping founded in 1982. 
The major business activity is to work as an ASIC design and production 
company designing for both customers and for own ASIC development. 
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4 Theory 
Analog circuit design is commonly divided into two parts: the electrical design, 
with focus on determining a circuit topology as well as sizing the device in order 
to meet a performance specification, and the layout part, which is a geometry 
description of the circuit. This description contains e.g. information about were 
the metal and polysilicon layers are to be placed when manufacturing the chip. 
The last section of this chapter will be dedicated to discuss general solutions to 
problems handled in the layout design.  
 
This chapter also contains a section discussing the problem in finding a 
“perfect” solution in the electrical design. Firstly the analog devices used in the 
design will be described, i.e. their basic structure and function.  

4.1 Voltage regulator 
There are basically two kinds of voltage regulators; series regulators and 
switching regulators. Series regulators control the output voltage/current by 
continuously adjusting the voltage drop over a transistor in between the 
unregulated input voltage and the output voltage.  
 
The switching regulators use the transistor as a high frequency on/off switch 
regulating the output voltage with discrete energy packages. The switched 
current pulses are then converted to continuous current by means of a filter 
making the circuit more complex. On the other hand since the power 
consumption is essentially zero in off mode the switching regulator consumes 
less power than the series regulator.  
 
The switching regulator has one drawback, though, that makes it unsuitable in 
analog system; every time the transistor switches noise is induced in the 
surrounding elements causing ripple in the output voltage. This is not a serious 
problem in digital circuits where the switching regulators are mostly used, but in 
analog circuits ripple from the power supply voltage (the output from the 
regulator will function as power supply for the rest of the system) will typically 
deteriorate their performance. Thus a series regulator is to be used in “Ella”. 
 
The basic building blocks of a series regulator are shown in figure 4-1.Vin is the 
voltage to be regulated, in this thesis the battery voltage, and Vout is the 
regulated (more stable) voltage. 
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Figure 4-1. Basic building blocks of a series regulator. 
 
The starting point of all regulators is the voltage reference, Vref, which ideally 
provides a constant output voltage independent of temperature and power supply 
voltage. This voltage is compared with the voltage Vx and the error amplifier 
together with the series transistor, M1, stabilizes the Vx voltage to be equal to 
Vref. This yields a constant output voltage Vout. Voltage references will be treated 
more thoroughly in the next chapter.  
 
The function of the error amplifier, as mentioned, is to drive the error signal 
(Vref – Vx ) as close as possible to zero by adjusting Vout via the series transistor 
M1 i.e. 

 
Vref – Vx = 0 ↔ 

 
Vref - VoutR2 / (R1 + R2) = 0 ↔ 

 
Vout = Vref (1 + R1 / R2) 

 
Thus, the function of the feedback network, R1 and R2, is to scale Vout to a value 
Vx suitable for comparison against Vref and, moreover, since Vref is constant Vout 
can only be adjusted by varying the ratio R1 / R2. In this case the error amplifier 
was implemented using an operational transconductance amplifier (OTA) see 
below in chapter 4.6. 
 
The function of the series element, M1, is to provide the load with large currents 
under the supervision of the error amplifier (e.g. in this case Iload, max  = 25 mA 
when Vout = 1.8 V) and possible devises to carry out this task is a p-channel 
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(pMOS) or n-channel (nMOS) MOSFET transistor (in other processes bipolar 
transistor could be used). In figure 4-2 below an nMOS transistor is used.  
 

 
Figure 4-2. The series transistor M1 realized with an nMOS transistor. 
 
In order to power the load the transistor must conduct current which means that 
the gate-source voltage must be larger than the threshold voltage, Vt,n , (see 
Appendix 8.1): 
 

Vgs = Vout, OTA – Vout > Vt,n     → 
 

Vin > Vout,OTA > Vout + Vt,n > Vout + 0.7V 
 

(The error amplifier will give rise to a voltage drop causing the gate potential 
Vout,OTA to be less than Vin.) In the AMS 0.35 µm CMOS process the threshold 
voltage is about 0.7 V if the bulk is connected to the source. However, in this 
process the bulk of an nMOS transistor can only be connected to ground, see 
figure 4-2 causing an increase of the threshold voltage called the body effect [3]. 
Thus, if the output voltage is to be 1.8 V the regulator looses its function when 
the input voltage drops below approximately 2.5 V. 
 
If a pMOS transistor is used, as in figure 4-1, the minimum input voltage will be 
limited by the source-drain voltage, i.e. Vsd = Vin –Vout giving Vin = Vout + Vsd. 
Vsd does not have to be as large as 0.6 V for conducting current (see Appendix 
8.1 and assume Vsg > Vt,p ) and hence by using a pMOS transistor the regulator 
will function down to lower input voltages which in this thesis means an 
extended battery lifetime. This is the reason for using a pMOS transistor for 
series element. 
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In order for the regulator to power the load according to the specification down 
to low battery voltages (Vbat = Vin in figure 4-1), the dimensions (W/L) of M1 
must be sufficiently large. This can be explained from equation (1) where the 
load current is approximated with the drain current through M1 in linear region 
(if R1 and R2 are large enough), see Appendix 8.1: 

 
Iload ≈ Id = µnCox(W/L)/2 [2(Vsg − Vt,p) Vsd − Vsd

2 ]  (1) 
 

(where µnCox and Vt,p are process parameters) 
For a given source-drain voltage Vsd ( Vsd = Vbat − Vout) an increase in load 
current will cause an increase in the source-gate voltage. If Vsg is maximal 
(Vsg,max = Vbat − Vg,min = Vbat), a further increased load current will cause an 
increase in Vds which means that Vout is decreased since Vbat can not be affected 
and thus the regulator has lost its function. This can be avoided with a larger 
(W/L) ratio which can be controlled by the designer. But a larger transistor is 
more sensitive to high frequency noise but in this thesis only DC analysis will be 
studied and no investigation will be done in the higher frequency domain. 
 
Moreover, if the transistor is too small there is a risk of breakdown, causing 
permanent damage, making the whole regulator useless. More about voltage 
regulators can be found in Sergio Franco [1] 

4.2 Voltage reference 
Implementing a voltage regulator implies implementing a good voltage 
reference, which has less dependence upon power supply voltage and 
temperature than the regulator but on the other hand do not provide large output 
current (in order to minimize variations due to self-heating). 
 
To illustrate the important properties of a voltage reference the performance of 
the crude voltage reference, shown in figure 4-3, is evaluated.  
 

 
Figure 4-3. A voltage divider as a crude voltage reference. 
 
This is simply a voltage divider giving: 
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Vref = Vdd*R2 /(R1+R2) 

 
i.e. Vref is proportional to Vdd. Defining the sensitivity of Vref to Vdd as:  
 

S(Vref, Vdd) = Vdd /Vref * ∂Vref /∂Vdd 
 

gives that S = 1 for the voltage divider which means that a 10% change in Vdd 
causes a 10% change in Vref, i.e. this is not a good voltage reference. 
Making use of an active device, e.g. a MOS-transistor, a better voltage reference 
can be designed, see figure 4-4.  
 

 
Figure 4-4. A voltage reference using an nMOS transistor. 
 
The reference voltage then becomes 
 

Vref = Vgs =Vt,n + (2Id/β)1/2  = Vt.n + (2(Vdd − Vref)/(R1β))1/2  (2) 
 

where Vgs is the gate-source voltage and β = µnCOX (W/L). The second equality 
comes from the first order I-V relation for an nMOS transistor in saturation 
region, see Appendix 8.1. As seen in equation (2) there is a square root 
dependence between Vref and Vdd giving a sensitivity S(Vref, Vdd) less than unity, 
see [2] for exact calculations. 
 
However, as mentioned earlier, in an ideal voltage reference Vref is independent 
of Vdd. Assume that the voltage over an active devise is used to create a current 
and this current is somehow used to provide the original current through the 
active device, then a current or voltage that is almost independent of Vdd will be 
obtained. This technique is called a Vt referenced source [2] and is realized in 
figure 4-5. 
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Figure 4-5. A reference voltage with sensitivity of Vdd essentially zero (a Vt 
referenced source). 
 
M2 and M3 act as a current mirror making I2 = I1. I1 flows through M1 creating 
Vgs and Vgs creates the current I2 = Vgs/R1. Hence a voltage and a current 
reference which are almost independent of Vdd, can be achieved by mirroring I2 
in M4 and using a resistor R2. 
 
Because the voltages are connected together an equilibrium point will be 
established. Unfortunately there are two equilibrium points, the one we aim at 
and one where I1 = I2 = 0. In order to end up at the desired equilibrium point 
there must be a start up circuitry providing a start up current in M1. This is 
accomplished by the capacitor C1. There are other start up circuits which can be 
used, but since the capacitor does not have to be that large (2 pF), i.e. small 
circuit area, and since this is a simple solution used in earlier projects at Sicon it 
will be used. 
 
Moreover, a good voltage reference should also be temperature independent in 
the ideal case. Introducing the concept of fractional temperature coefficient as 
(see Appendix 8.2) 
 

TCf  = 1/X*dX/dT 
 
where e.g. X = Vref. Experience shows that a good reference should have a TCf 
smaller than ±100 ppm/°C. The temperature coefficient of Vref in figure 4-5 is in 
the order of 1000 ppm/°C and can not be used in “ELLA”. 
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The TCf of the reference voltage above is mainly determined by the temperature 
coefficient of the resistors [2] and thus a correct combination of resistors with 
different temperature coefficients can achieve a lower TCf of the voltage 
reference. However, making use of several resistors to compensate for 
temperature variations is not to be considered since resistors are too area 
consuming. 
 
What can be done in order to meet the criterion of the TCf? This question leads 
up to the investigation of the bandgap voltage reference in the following chapter. 
 
It should be mentioned that other approaches to realize a voltage reference can 
be used such as making use of a zener diode that breaks down at a known 
voltage when reversed biased and/or making use of the difference in the 
threshold voltage between an enhancement transistor and a depletion transistor. 
However, these two methods are not commonly used today because the 
breakdown voltage of a zener diode is typically higher than the power supply 
voltage used in modern circuits and the depletion transistor is usually not 
available in most CMOS processes. See [1] for more about these methods. 

4.2.1 Bandgap reference 
A bandgap reference generates voltage and current references with temperature 
coefficients more suitable in applications like “Ella”. The principle behind the 
bandgap voltage is shown in figure 4-6. 
 

 
Figure 4-6. Principle of a bandgap reference. 
 
The idea is to generate a voltage Vbe which inherently has a temperature 
dependence of approximately −2mV/°C at room temperature (the exact value for 
our bandgap reference is found in section 5.2) and a thermal voltage Vt = kT/q 
(note that the threshold voltage of a transistor is also called Vt  but they are not 
the same voltages) having a temperature dependence of dVt /dT = k/q = 8.61e-5 
[V/°C], since k = 1.38e-23 [V/K], q = 1.602e-19 [C]. Multiplying Vt with a 
constant K and summing the two voltages gives the reference voltage as 
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Vref = Vbe + KVt  (3) 

 
Differentiating this equation with respect to temperature gives 
 

dVref /dT = dVbe /dT + K*dVt /dT  = 0 (4) 
  
which should be zero for a temperature independent voltage reference. 
A conventional bandgap reference realization is shown in figure 4-7.  
 

 
Figure 4-7. Conventional bandgap reference. 
 
The reference voltage can be expressed as 

  
Vref = Veb1 + VR3  (5) 

 
Assume that the operational amplifier (opamp) is ideal, i.e. V+ = V− and no 
current goes into the opamp, then the voltage across R1 is 
 

VR1 = Veb1 – Veb2  = Vt ln(J1 /J2) 
 
The last similarity comes from the I-V relation for a forward biased base-emitter 
junction of a bipolar transistor, see [3]. Ji is the current density in transistor Qi 
Moreover, since no current is flowing into the opamp the voltage across R2 is 

 
VR2 = R2/R1*VR1 = R2/R1*Vt ln(J1/J2)  

 
and due to the feedback 
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VR3 = VR2 = R2/R1*VR1 = R2/R1*Vt ln(J1/J2)  (6) 
 

Inserting equation (6) into equation (5) yields 
 

Vref = Veb1 + VR3 = Veb1 + R2/R1*Vt ln(J1/J2) (7) 
 
The temperature dependence for a resistor can be approximated as, see 
Appendix 8.2 

 
R(T) = R0 (1+TCf (T-T0)) 

 
and if both resistors have the same temperature coefficient the following 
expression for the reference voltage is achieved 
 

Vref  = Veb1 + R2,0/R1,0*Vt ln(J1/J2)  (8) 
 
Equation (8) should be compared to equation (3), i.e. K = R2,0/R1,0*ln(J1/J2), and 
by adjusting the value of R1,0, R2,0, J1 and J2 (which can be done by the designer) 
a voltage reference with theoretically zero temperature dependence can be 
achieved. 
 
What about the power supply dependence? With the assumption of an ideal 
opamp the reference voltage is theoretically independent of the power supply 
voltage but taking the non ideal effects of the opamp into account the offset 
voltage of the opamp contributes the most to the supply voltage dependence [2]. 
Hence, the smaller offset voltage the better bandgap voltage reference. 
  
When it comes to low power applications, (e.g. battery operated systems as in 
our case) the bandgap principle can be used in another way. This is shown in 
figure 4-8.  
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Figure 4-8. A bandgap reference suitable for low power applications. 
 
To minimize the power consumption the MOS transistors are operating in the 
weak inversion region, i.e. below the threshold voltage where only a small but 
sufficient current is running through the transistor. 
The reference voltage can be expressed as 
 

Vref = Veb + R2I2 (9) 

  
M1 through M4 form a closed loop, comparable to figure 4-5, and the current in 
both branches will reach an equilibrium point where the voltage over R1 can be 
expressed as 
 

VR1 = Vt*ln(S1S4/(S2S3)) (10) 
 

where Si = Wi/Li is the width/length ratio for transistor Mi and in this way the 
thermal voltage required in a bandgap reference is generated [2]. To end up at 
the correct equilibrium state a start up circuitry like the one in previous section 
is used, i.e. the capacitor C1. 
 
The currents I1 and I2 are related as 
 

I2 = I1S5/S2   (11) 
 

since M2 and M5 represent a current mirror. Ohm’s law I1 = VR1/R1 inserted into 
equation (11) gives 
 

I2 = VR1/R1 *S5/S2 (12) 



Chapter 4. Theory 

 20

 
and equation (10) together with (12) yields  

 
I2 =S5/S2*Vt/R1*ln(S1S4/(S2S3)) (13) 

 
Finally equation (13) and (9) gives an expression for Vref containing Vt and Veb: 
 

Vref = Veb + R2/R1*S5/S2*Vt* ln(S1S4/(S2S3)) (14) 
 

where R2/R1 = R2,0 /R1,0  if R1 and R2 have the same temperature coefficient as 
mentioned. This should be compared to equation (3) in the beginning of this 
chapter and thus: 
 

 K = R2,0/R1,0*S5/S2 ln(S1S4/(S2S3)) 
 
All parameter values can be varied by the designer and hence a value of K 
giving theoretically a temperature independent voltage reference can be chosen. 
In chapter 5.2 the corresponding calculations for the bandgap reference used in 
“Ella” will be shown. 
 
Note that the calculations above hold only if M1 through M4 are in weak 
inversion. 
  
More about voltage references can be found in [2] and [3]. 

4.3  Inverter 
An inverter is a commonly used element in circuit design and, as the name 
implies, it is used to invert the input signal as; a logical “0” on the input gives a 
logical “1” on the output and vice versa. An inverter can be implemented using 
several techniques but the most commonly used today is the CMOS inverter 
shown in figure 4-9.  
 

 
Figure 4-9. A CMOS Inverter. 
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For logic high input the nMOS transistor is open driving the output node to the 
logical level “0” and for a low input the pMOS transistor is open driving the 
output node to “1”. In either case the other transistor is “closed”, i.e. only a 
small leakage current contributes to the power consumption making the CMOS 
inverter suitable in low power applications. 
 
The CMOS inverter also has another important advantage over other 
realizations: a full output voltage swing between Vdd and 0 meaning that a high 
output is defined as having the same potential as Vdd (there is no voltage drop 
over the pMOS transistor when driving the output) and a low output as 0 V. 
 
It should be mentioned that in order to assure proper switching of the transistors 
in the inverter the high level on the input should have the same potential as Vdd. 
To accomplish that a level shifter is sometimes necessary to place before the 
inverter as is the case in chapter 5.1 for the voltage regulator. More about the 
CMOS inverter can be found in [4]. 

4.4 Transmission gate, TRG 
The transmission gate is also a commonly used element in circuit design. It 
functions as a switch, i.e. a control signal Ctrl determines whether the switch 
should be open, providing a low resistance path from the input to the output 
since both transistors are open, or closed, making the path an open circuit since 
both transistors are closed, see figure 4-10. 
 

 
Figure 4-10. In a transmission gate the control signal Ctrl sets the state of the 
circuit to “open” or “closed”. 
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More about transmission gates can be found in [4]. 

4.5 Level shifter 
A level shifter comes in hand when the voltage level of a digital “1” is to be 
changed.  
Example: The input signal In of an inverter has by definition its “one” level at 
1.8V but to get the correct function the “one” level must have the same value as 
Vdd of the inverter which is 4.0 V. Then a level shifter can be used; attach the 
supply voltage 1.8 V (that defines the incoming “1”) to V1. Attach the new 
supply voltage 4.0 V to V2, see figure 4-11. 
 
 

 
Figure 4-11. Level shifter. 
 
When the input signal In is “1” i.e. 1.8 V, the output signal Out will be 4.0 V 
still giving a logical “1”. The logical level “0” is not affected. See plots from 
simulation in figure 4-12. 



Chapter 4. Theory 

 23

 
Figure 4-12. Simulation of the level shifter. Between 1.0 s and 2.0 s a logical 
“1” is passed through the level shifter and hence yielding a higher output value.  

4.6 Operational transconductance amplifier, OTA 
Nowadays many integrated operational amplifiers (opamps) are designed to 
drive only capacitive loads, often gates of MOS transistors, and therefore it is 
not necessary to use a voltage buffer to obtain low output impedance. These 
opamps are usually called OTAs since one of the most important parameters is 
their transconductance, i.e. the ratio of the output current to the input voltage. 
 
When driving an on-chip capacitive-only load a current mirror OTA is often 
used. Figure 4-13 shows a current mirror OTA using simple current mirrors and 
its performance is sufficient in this application. However, using more advanced 
current mirrors, e.g. wide-swing cascode current mirrors, will give better 
performance, e.g. higher gain, but the circuit will be more complex. 
 
The differential input stage can be realized using either pMOS or nMOS 
transistor pairs (M4 and M6 in figure 4-13). The latter was used in this case 
since, in this process, the threshold voltage of the pMOS transistors was much 
larger (~1.0 V) resulting in non fulfilled specifications and hence incorrect 
function of the voltage regulator. 
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Figure 4-13. The current mirror OTA used in the voltage regulator. 
 
An OTA is a useful circuit. In this thesis it is used in the voltage regulator to 
compare a scaled version of the output voltage attached to input In2 to a 
constant reference voltage attached to input In1. In Figure 4-14 the output 
voltage is plotted together with the two input signals. In1 is 1.23 V and In2 
varies.  
 

 
Figure 4.14. Simulation of the OTA. 
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4.7 Electric design 
When designing an integrated circuit, the first step is the electrical design. The 
goal is to find an implementation that has the correct function and to determine 
the dimensions of the elements to fulfill the specification. This is often shown to 
be an issue about making compromises.  
 
For example, when determining resistor values compromises between smaller 
area (which is always of interest) and larger area (giving less power dissipation, 
less process variation and thus more predictability) must be done. In chapter 5.1 
the values of the resistors in the regulator are determined by weighing arguments 
like this. 
 
Another type of compromise made in this thesis is illustrated in the next 
example: Elements such as the OTA, inverter, transmission gate and level shifter 
are used as they were given, i.e. no work has been done to optimize the sizes for 
small area as long as the function is correct. The question is: Should more time 
be put on optimizing for smaller area or is it time to move on to the next 
element? Since small area was not the first priority but the fact that deadline was 
closing no further work was performed. Note that the elements have been used 
in earlier projects and therefore the sizes are acceptable. 
 
To conclude: There is no such thing as a “perfect” solution. An analog circuit 
designer must be capable of doing the “right” compromises at the “right” time 
and this is why experience in this field is of great importance 

4.8 Layout design 
After the electrical design is finished the layout design is next. Before sending 
the circuit to a manufacturer the designer must define the geometry of the 
circuit, e.g. the exact location of the transistors, the distance between them and 
how the interconnect wires should be drawn. For example, in the electrical 
design two wires might cross each other and as long as there is no node 
connection (black dot) they are not connected. In reality they must consist of 
different metal layers which the designer defines during layout, see figure 4-15. 
 
When doing the layout design of an analog circuit many important layout issues 
must be considered in order to get a high quality circuit. These issues can be 
divided into two categories; the mismatch issue and the noise issue.  
In the latter one the focus is put on minimizing the noise coming from digital 
circuit couplings and from the substrate deteriorating the performance of analog 
circuits. The mismatching issue is about making sure that two nominally 
identically designed objects in the end have the same performance despite the 
process variations which can not be avoided. 
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4.8.1 Mismatch 
When integrated circuits are manufactured random variations in physical 
quantities will cause the effective sizes of components to differ from the sizes in 
the layout. This process is called mismatch and is often a limiting factor in more 
complex analog circuits like reference sources and data converters etc. 
When doing the layout design there are some things that can be done in order to 
minimize the effects of those process variations 
  
In order to match two transistors they should be built up by several smaller 
“unit-sized” transistors. Those should be placed closely to minimize effects from 
physical variations and symmetrically interleaved to minimize error caused by 
gradient effects across the circuit, like the temperature and the change in gate-
oxide thickness.  
 
Example: The input stage of the OTA described in chapter 4.6 consists of two 
nMOS transistors, M4 and M6, both having sizes of W=20 µm and L=1 µm. 
This is a typical example of transistors needed to be matched to give the correct 
function of the OTA. Therefore each of them are built up by two “unit” 
transistors with W=10 µm and L=1 µm connected in parallel and placed as 
figure 4-15 shows. 

 
Figure 4-15. Layout of the OTA showing the placement of the two transistors, 
M4 and M6, in the input stage to get good matching and guard rings protecting 
against noise coming from the substrate. The transistors are connected with 
wires in two metal layers. 
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Not only transistors need to be matched. Resistors and capacitances must also be 
laid out properly to minimize errors due to process variations. 
 
Integrated resistors can be implemented using a lot of different conductors with 
different sheet resistances. For example, a rectangle of a conductor having a 
sheet resistance of 1.4 kΩ/square with the dimensions of W=2 µm and L=10 µm 
will act as a resistance of 10/2*1.4 kΩ = 7 kΩ, i.e. it is the number of squares 
(L/W) that determines the resistance. This implies that a random variation of the 
length or the width will affect the resistance and hence the function of the 
resistor will not be the expected. 
 
In order to occupy as small area as possible the width should be minimized 
resulting in a minimal length to achieve the specified resistance. 
But the smaller dimensions the more effect will the process variation have. It 
can be shown, see [5], that the variance of parameters for a rectangular resistor 
is inversely proportional to L*W. Therefore a recommended minimum length 
given from the manufacturer should be used even though smaller rectangles can 
be made.  
 
As for the transistors the matching is increased if the rectangles are placed close 
to each other, minimizing error due to the gradient variations of the sheet 
resistance, resulting in a commonly used structure for realizing resistors, see 
figure 4-16. 
 
To get the same boundary conditions for each rectangle dummy structures 
should be used despite the fact of increasing area. This is also shown in figure 4-
16. 
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Figure 4-16. Layout of a resistor of 321kΩ consisting of 12 identical rectangles 
connected in the ends forming a “zig-zag” pattern. A dummy structure 
surrounds the resistor to get the same boundary conditions for every rectangle. 
Finally a guard ring is used to suppress noise from the substrate as described in 
the noise section below. 
 
The major source of error when realizing a capacitor is due to the over etching 
effect occurring in the process, i.e. the area of the capacitor becomes smaller 
than in the layout. Since the capacitance is ideally given by C = εox /tox A, where 
εox is a material parameter and tox is the oxide thickness, the random decrease in 
area causes an unwanted decrease in the capacitance. In order to get precise 
ratios of capacitors larger capacitors can be realized by parallel combinations of 
smaller unit-sized capacitors in a similar way as for the resistors and transistor. 
For example, if two capacitors should have the ratio of 3:6 the larger can be 
made out of 6 unit-sized capacitors and the other out of 3 unit-sized capacitors. 
Then the over etching problem will have no affect of the ratio. 
 
Moreover, error due to the gradient variations of the oxide thickness tox can be 
decreased by interleaving the unit-sized capacitors in a similar way as for the 
transistors. Figure 4-17 shows a layout of a capacitor, which could be used as a 
unit-sized capacitor. Note that dummy structures are used in the same way as for 
resistors and a guard ring is placed to reduce noise effects. 
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Figure 4-17. Layout of a capacitor consisting of two layers on top of each other. 
8 dummies are used as well as a guard ring.  
 
In chapter 5.4 the layout of the voltage regulator and the bandgap reference will 
be shown and measures taken for better matching will be described. For more 
information about the mismatch issue see [3]. 

4.8.2 Noise 
Usually there is both analog as well as digital circuitry in an ASIC. The 
performance of the analog part is sensitive to noise and in order to minimize 
effects from the noise coming from the digital couplings and the substrate some 
measures can be taken in the layout design. Here are some examples. 
 
Seperate power supply and ground connections should be used for the analog 
and the digital parts. This is due to the fact that every time a digital gate changes 
state a glitch is injected into the digital power supply and the surrounding 
substrate called simultaneous switching noise (SSN). By having separate power 
supplies the analog part is not affected by this noise other than through the 
substrate. Different power supplies are used in the final “Ella” circuit containing 
the voltage regulator and bandgap reference from this thesis. 
 
To minimize the SSN through the substrate the analog and digital parts should 
be laid out in different sections of the circuit and these sections, and the blocks 
within them, should be separated by guard rings connected to ground or Vdd. In 
figure 4-15, showing the layout of the OTA, one guard ring connected to ground 
is placed around the nMOS transistors and one guard ring connected to Vdd is 
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protecting the pMOS transistors. In figure 4-16 and 4-17 a guard ring is placed 
around the resistor and capacitor.  
 
Moreover, when the layout is finished any unused space should be filled with 
contacts connected to both ground and Vdd for the same reason as that of the 
guard rings. Guard rings are used in the layout part of this thesis which will be 
shown in chapter 5.4. 
 
More about noise issues and other techniques for suppressing noise in layout 
design can be found in [3]. 
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5 Results 
This thesis consists of three subtasks; the voltage regulator, the voltage reference 
and the BOD functionality. In the following sections the results will be 
presented, i.e. which devices were used, how sizes of transistors, resistors and 
capacitors were determined and simulation results. 
 
There are also a section describing the layout part containing solutions to the 
matching and noise problems treated in section 4.8 and a figure showing the 
final layout of the voltage regulator and the voltage reference in order to get an 
understanding of the sizes involved in integrated circuit design.  

5.1 Voltage regulator 
Firstly studies on regulators in general where performed in order to find answers 
to questions like: 
Why do we need a voltage regulator? What kind of building blocks does a 
voltage regulator consist of and can these blocks be realized using several 
structures? Which structure should be used? Those questions have been 
investigated in the theory chapter. But more questions must be answered.  
 
1. The regulated voltage should have two modes: 1.8 V and 3.0 V. How can this 
be accomplished? 
2. The regulator should be able to supply external parts with power e.g. in 1.8 V 
mode maximum load current is 25 mA. Is this a problem? 
3. The regulator should only be used once in a while and must have an on/off 
function. How can this be implemented?  
 
A regulator fulfilling the requirements in question 1 and 2 is shown in figure  
5-1. 
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Figure 5-1. A voltage regulator with a possibility to choose Vdd1 = 1.8 V or 3.0 V 
 
The OTA, M1, R1, R2 and R3 represent the regulator (see figure 4-1 in the theory 
chapter). The OTA serves as the error amplifier and compares the reference 
voltage to either the voltage in node N1 or the voltage in N2, depending on 
which Vdd1 level that is to be output, and adjusts Vdd1 to minimize Vref – N1 (or 
N2). 
 
The values of the resistors were determined as follows. The power consumption 
of the regulator itself should be small, i.e. most current should be delivered to 
the load and not through the resistors meaning that large resistances are 
preferred. On the other hand the area should be minimized implying as small 
resistances as possible. To solve this problem an acceptable power consumption 
was determined together with Bertil Sigfridsson, i.e. current I1 = 5µA at Vdd1= 
1.8 V.  
 
Moreover, as described in chapter 4.1, the feedback network R1, R2 and R3 
should scale Vdd1 to a proper value for comparison against Vref. This means that 
when 1.8V output is desired the potential in node N1 should be 1.23 V (since 
Vref= 1.23 V, see next chapter) and for 3.0 V output node N2 should have the 
potential 1.23 V. These conditions give the following resistor values R1 = 
114kΩ, R2 = 98.4kΩ and R3 = 147.6kΩ. 
After simulations these values were adjusted to give the correct output since 
theory and simulation results usually do not agree due to idealizations made in 
theory. 
 
Further, the transistor M1 must be capable of driving large load current and as 
mentioned in the theory chapter this sets a lower constraint on the W/L ratio. 
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Since 0.5µm was the minimum length in this process the width was to be 
increased and simulations showed that with a width of 3000µm the power 
specifications were easily met. This is a huge transistor occupying almost half 
the total area of the regulator, see figure 5-17, but in this case it is more 
important that the regulator functions according to specifications than that the 
area is reduced. 
 
The regulated voltage Vdd1 can be chosen to 1.8 V or 3.0 V by means of the 
input signals V_sel and Vdd2 and the elements Levelshifter, Inverter2, Trg2 and 
Trg3. If Vdd1 should be 1.8 V then Trg2 should be “open”, leading the voltage in 
node N1 to be compared against Vref by the OTA, and Trg3 should be closed and 
vice versa when Vdd1 = 3.0 V is to be output. 
 
As mentioned in section 4.4 the switch function of the transmission gate is 
controlled by the Ctrl signal which is “1” for open and “0” for closed. The Ctrl 
signal is in turn controlled by the signal V_sel as V_sel = “0” gives Vdd1 = 1.8 V 
and V_sel = “1” gives Vdd1 = 3.0 V. 
 
The logical levels “0” and “1” are usually defined as having the potential of 
ground and the supply voltage (Vbat) of the circuit, respectively, but in this case 
the “1” level of V_sel has the potential of Vdd2, which is a signal coming from 
another regulator having the same value as Vdd1 (1.8 V or 3.0 V). Due to this, a 
level shifter, see chapter 4.5, must be used to assure correct function of the 
following inverter (Inverter2).  
 
As question 3 above implies this regulator should have a “sleep” function. When 
not activated the regulator should not consume any power other than that due to 
leakage currents. The elements in figure 5-1 that consume most power are the 
OTA, and the last branch containing M1 and the resistors. A simple solution for 
disabling these blocks is shown in figure 5-2, i.e. using an inverter to ground the 
supply voltage input signal of the OTA (Vdd) and the source of M1 making no 
current going through M1 when inactive. The inverter is controlled by the 
Pow_ctrl signal going low for activation and high for turning off. The Pow_ctrl 
signal is taken from a level shifter not shown in the figure since the same level 
shifter is used in the bandgap reference. The level shifter is included in figure  
6-1 
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Figure 5-2. Simple solution to the on/off function of the regulator. 
 
The problem is that in order to drive the large load current when active the p-
transistor M2 in Inverter1, see figure 4-9, must have the same size as M1 in the 
regulator. This would result in another huge transistor making the total area even 
bigger and should be avoided.  
 
The OTA could still be controlled like this but is there another way of turning 
off the last branch? Instead of grounding the source of M1 the transistor could 
be biased in the cut-off region. This is done by applying equal voltage on the 
source and gate terminals of the transistor. In the cut-off region no current can 
flow through the transistor, see Appendix 8.1. This approach is shown in figure 
5-3 where transistor M2 acts as a switch. When M2 is open the gate-source 
voltage of M1 is zero turning off the regulator and when M2 is closed the 
regulator works as usual.  
 
One problem is that when M2 is open current can flow from the battery through 
M2 and into the OTA trough the “out” terminal and hence the power 
consumption is not minimal. This is avoided by using a transmission gate Trg1 
that has the opposite function of M2 and therefore closes the path to ground 
when M2 is open. 
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Figure 5-3. The final voltage regulator with on/off function and possibility to 
chose Vdd1 to 1.8V or 3.0V. 
 
In order to avoid a large overshot in the Vdd1 voltage when the regulator is 
activated a capacitive feedback is used by means of the capacitor C1. If the 
overshot is too large the load circuitry might get damaged. In figure 5-4 and 
figure 5-5 transistor-level simulations without and with this capacitor are shown. 
The plots show Vdd1 in 1.8 V mode when Vbat is 4 V and the regulator has just 
been activated. 
 

 
Figure 5-4. Simulation of Vdd1 when C1 is removed. 
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Figure 5-5. Simulation of Vdd1 with capacitive feedback C1 = 20pF. 
 
Using the capacitor yields increased rise time but it is still within the 
specifications. 
 
It should be mentioned that although this regulator should be placed in a low 
power application (a battery operated system) it was not completely optimized 
for low power consumption. This was not necessary since it will only be active 
once in a while and in off mode only small leakage currents contributes to the 
power consumption.  

5.1.1 Simulation results 
The voltage regulator has now been designed to fulfill the specifications 
resulting in the circuit in figure 5-3 above. The simulation results are shown 
below. In figure 5-6 the “1.8 V mode” is simulated. The “3.0 V mode” has the 
same appearance but different levels and is not shown. The simulation is 
performed on the circuit shown in figure 6.1 in the Conclusion chapter, i.e. the 
reference voltage generated from the bandgap reference in the next chapter is 
used. The battery voltage is simulated with an independent voltage source. 
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Figure 5-6. The regulated voltage Vdd1 (1.8 V mode) compared to the battery 
voltage (upper plot) and the load current delivered by the regulator (lower plot). 
 
In this simulation the regulator is active from the beginning, turned off at 0.5 s, 
activated at 1.0 s resulting in the overshot dealt with earlier.  
 
The regulator manages to supply the load with sufficient power until the battery 
drops below approximately 2V. Then the battery voltage is too low to drive both 
the series transistor and the load making the Vdd1 potential decrease and the 
regulator has lost its function. This is where the BOD function should alarm, see 
chapter 5.3. If the series transistor was made too small this would happen for 
higher battery voltage and, hence, the lifetime would not be as long as intended, 
as mentioned in the theory chapter. 
 
Moreover, the regulator (the bandgap reference included) consumes 
approximately 48 µW (12 µA at a battery voltage of 4 V) when active and only a 
few pW (due to leakage currents) in off mode. 
 
Figure 5-7 shows the regulated voltage as a function of temperature for three 
battery voltages. As seen the regulated voltage becomes more sensitive to 
temperature as the battery voltage decreases even though the reference voltage 
does not change that much with temperature for lower battery voltage, see figure 
5-10. This is mostly due to the temperature dependence in the resistors which 
affects Vdd1 more when the battery voltage is not high enough to compensate. 
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However, this variation of Vdd1 with temperature is still within specification 
(Vdd1 = 1.8V ±10% for temperatures −25°C to 85°C). 
 

 
Figure 5-7. The regulated voltage Vdd1 as a function of temperature for three 
different battery voltages: 2 V, 3 V and 4 V. 
 

5.2 Bandgap reference   
As concluded in section 4.2 about voltage references a bandgap reference should 
be used since it has better temperature regulation properties than other 
references. Figure 5-8 shows the bandgap reference used to provide a stable 
reference voltage to the regulator. 
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Figure 5-8. The final bandgap reference fulfilling the requirement of power 
supply voltage and temperature independence and having an on/off function.  
 
The circuit is based on figure 4.8 in the theory chapter about bandgap voltage 
references but some modifications had to be made. Transistor M6 simply 
mirrors the current I1 in order to generate the bias current in the OTA. In order to 
secure the circuit from getting damaged by voltage peaks coming from the load 
a decoupling capacitor C2 must be used.  
 
In the same way as for the regulator the reference must also have an on/off 
function and since the problem with large load currents is not an issue here an 
inverter can be used as for the OTA above. The Pow_ctrl signal is taken from a 
level shifter which is included in figure 6-1 in the Conclusion chapter. 
 
Moreover, transistor M7 acts as a switch which is open in off mode in order to 
assure that Vref has zero potential. 
 
Now it is time to focus on how to choose correct dimensions of the transistors 
and resistors in order to get a power supply voltage and temperature stabilized 
voltage reference. 
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When determining the sizes of the transistors some compromises must be made. 
To assure proper function of the current mirrors the output resistance of the 
transistors must be large enough, which can be accomplished by using long 
devices. But a long device gives rise to larger leakage currents, especially in the 
nMOS transistors which have larger mobility. Large leakage currents will 
degrade the performance of the voltage reference for higher temperatures.  
Since this bandgap reference had been used in earlier project there were initial 
sizes to use and those were adjusted (decreased) through discussions with Bertil 
Sigfridsson. 
 
Moreover, the transistors must operate in weak inversion according to theory in 
chapter 4.2.1 and if this is fulfilled the voltage over resistance R1 can be 
expressed as 
 

VR1 = Vt*ln(S1S4/(S2S3)) = Vt*ln10  
 

i.e. VR1 = 0.060V in room temperature (Vt = kT0 /q = 0.026 V since k = 1.38e-23 
[V/K], q = 1.602e-19 [C], T0 = 300 [K]). In order to fulfill the weak inversion 
condition R1 must be adjusted to give VR1 = 0.060V in room temperature. This 
was done through simulations resulting in a theoretically supply voltage 
independent reference voltage.  
 
In figure 5-8 Vref can be expressed as 

 
Vref= Veb +I2R2  

 
and in order to get a theoretically temperature independent reference voltage 
dVref/dT must be zero. 
 
Since I1 is mirrored in M5 giving I2 = S5/S2I1 = 3I1 and the weak inversion 
condition holds giving I1 = Vt/R1*ln10 the following expression for Vref is 
achieved 
 

Vref = Veb + 3Vt ln10*R2/R1 
and hence 

 
dVref /dT = dVeb /dT + 3ln10*R2,0/R1,0 dVt /dT = 0 

 
must hold for temperature stabilized reference voltage. 
dVeb /dT was measured through simulations to be approximately −1.92mV/K, 
dVt /dT = k/q = 8.61e-5 [V/K]  and R1,0 is fixed to give a power supply stabilized 
output voltage  according to above and thus R2,0 must be chosen to 
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R2,0  = R1,0*1.92e-3/(3ln10*8.61e-5) Ω   
 

As mentioned theory and simulation results usually do not agree and therefore 
R2,0  was adjusted through simulations. 
 

5.2.1 Simulation results 
The bandgap reference has now been given proper dimensions in order to 
generate a stable voltage reference and having an on/off function. Results from 
simulations are shown below. In figure 5-9 the reference voltage is plotted 
together with the power supply voltage (simulated with an independent voltage 
source).  
 

 
Figure 5-9. Vref as a function of power supply voltage. From 0.5s to 1.0s the 
reference is turned off. 
 
The given dimensions result in a reference voltage of 1.23 V. When the supply 
voltage gets too low (around 1.5 V) the transistors are no longer in weak 
inversion and Vref starts to track Vdd, i.e. the bandgap reference does not function 
properly. 
 
Figure 5-10 shows Vref  as a function of temperature for three power supply 
voltages. 
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Figure 5-10. Vref  as a function of temperature for three supply voltages, 2 V, 3 V 
and 4 V respectively. 
 
The temperature coefficient of this bandgap reference can be estimated from the 
plots above. The temperature coefficient was defined as: 
 

TCf  = 1/ Vref*dVref/dT 
 
At room temperature (27°C) the following temperature coefficients for the three 
different supply voltages could be measured: TCf ≈ −4.9 ppm/°C, −0.91 ppm/°C, 
5.6 ppm/°C respectively, i.e. the reference voltage is almost independent of 
temperature. 

5.3 BOD 
As mentioned earlier a function that alarms when the battery voltage is about to 
run out was wanted (BOD) and the specified battery level to detect (the BOD 
level) was 1.60V. Below 1.60 V the function of some circuits could not be 
guaranteed. In order to realize this functionality the battery voltage must be 
compared to a reference voltage. A reference voltage has already been generated 
to be used in the regulator and it can be re-used in the BOD. Thus, the battery 
voltage should be compared to a voltage of 1.23 V and must therefore be scaled 
using a resistance. 
 
Since resistors are area consuming the number of resistors used in an integrated 
circuit should be minimized. Could the resistors in the voltage regulator be re-
used in some way? Because of the fact that the regulated voltage Vdd1 starts to 
follow the battery voltage below a certain point, a scaled Vdd1 could be used for 
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comparison against Vref instead of the battery voltage and hence resistor R1 
could be divided into two resistors in series not affecting the total area. 
 
Figure 5-11 shows the modified part of the regulator (only the last branch) 
generating the “faked” battery voltage scaled for comparison against Vref.  
 

 
Figure 5-11. Modified part of the voltage regulator to fit the BOD functionality. 
 
The resistances R1 and R4 were determined with the condition that the output 
signal BOD_ctrl should have the potential of 1.23 V when the battery voltage 
was 1.6 V. This was performed through simulations. Added they should still be 
around 114 kΩ in order to give the correct Vdd1. (Note that the BOD function is 
only valid in Vdd1=1.8 V mode.) 
 
Now a reference voltage and a scaled “battery voltage” are achieved. How could 
the comparator be realized? This could be done in different ways, but the 
simplest and most convenient in this case was by using an OTA. As seen in 
figure 4-14 in the theory chapter 4.6, the output of the OTA goes low when the 
scaled battery voltage reaches Vref=1.23 V (at 1.4 s in figure 4-14). In figure 5-
12 a realization of the BOD control is shown. In order to suppress ripple in the 
output two inverters were used. 
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Figure 5-12. Realization of the BOD control (not the final solution). 
 
This is a suitable implementation when the battery level to detect is below 1.8 V. 
However, when it was determined what sort of battery to use there was no 
meaning of having a BOD level of 1.6 V. Instead the specification was changed 
to having a BOD function detecting when the Vdd1 level started to sink below 1.8 
V no matter what the battery voltage was exactly. The decreasing of the Vdd1 
signal is itself a detection of the fact that the battery is running out. 
 
Therefore, a new scaling (new R1 and R4) of the Vdd1 signal had to be done. This 
time the condition was that the BOD_ctrl signal should be 1.23 V when 
Vdd1=1.8V in order to get a correct comparison against Vref. Does this sound 
familiar? This is achieved if the BOD_ctrl signal is taken from node N1 in figure 
5-11 and since there is already an OTA making the comparison of Vref to N1 in 
the regulator itself the output of the OTA could act as the BOD_alarm signal as 
shown in figure 5-13.  
 
As long as BOD_ctrl is 1.23V BOD_alarm is “1” (from 0.2 s to 1.0 s), or at least 
follows the battery voltage (from 1.0 s to 1.25 s), but as soon as Vdd1 starts to fall 
BOD_ctrl also starts to fall and at that point BOD_alarm is zero (at 1.25 s).   
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Figure 5-13. The input signals Vref , BOD_ctrl and the output signal BOD_alarm 
of  the OTA in the voltage regulator.  
 
This result in a simple realization of the BOD functionality since it already 
exists within the voltage regulator, see figure 5-14. 
 

  
Figure 5-14. The proposed solution to the BOD functionality is simply the same 
regulator as before but letting the output of the OTA be the BOD_alarm signal. 
 
Simulation results of the circuit above are shown in figure 5-15 where the 
battery voltage is simulated with a voltage source. The Vdd1 signal is plotted 
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together with the BOD_alarm signal and the battery voltage. The BOD_alarm 
signal is zero when the battery voltage drops below approximately 2 V. 
 

 
Figure 5-15. Simulation results of the BOD function: The BOD_alarm signal is 
low when Vdd1 starts to decrease implying that the battery is running out. 
 
The voltage regulator designed in this thesis is sometimes turned off and since 
the battery should be checked continuously, the BOD function was implemented 
in another voltage regulator optimized for low power consumption and always 
active. The implementation of that regulator will not be treated here since it is 
not in the field of this thesis but the BOD function is used as described here. 

5.4 Layout design  
After the electric design was finished the layout design was next. As mentioned 
in chapter 4.8 mismatch and noise are important issues in the layout of an analog 
circuit and the described techniques for better matching and suppression of noise 
have been used in the layout design of the voltage regulator and the bandgap 
reference. The final layout can be seen in figure 5-16 where the circuitry to the 
right is the regulator from figure 5-3 and the circuitry to the left the reference in 
figure 5-8 is seen. 
 
Here follow some explanation of different areas in the layout figure to make the 
figure more understandable.  
 
The area in the upper right corner is the series transistor M1 which is a huge 
transistor, W=3000 µm and L=0.5 µm. In order to achieve a suitable shape it is 
built up by 300 smaller transistor, W=10 µm and L=0.5 µm connected in 
parallel. They are surrounded by a guard ring to suppress noise. 
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Below M1 the three resistors R1, R2 and R3 are placed closely to minimize error 
due to the gradient variations of the sheet resistance and each is protected with a 
guard ring.  
 
The square to the right of the resistances is the feed back capacitor C1. Note that 
only one unit-sized capacitor of 2 pF is shown. The other nine were stowed in 
the final layout of the complete “Ella” circuit to minimize the total area. 
 
The layout blocks of the OTA, inverters, transmission gates, level shifter and 
transistor M2 is placed to the left of the resistors. 
 

 
Figure 5-16. The final layout of the voltage regulator (to the right) and the 
voltage reference (to the left). The total occupied area is approximately 0.2 mm2 
 
In the lower left corner (marked “nMOS”) the transistors M3 and M4 in the 
bandgap reference are built up by several “unit-sized” transistors and those are 
interleaved as symmetrical as possible to minimize the influence of temperature 
and gate-oxide thickness variations. Moreover, a frame of dummy transistors, 
see chapter 4.8, and a guard ring are used. 
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The layout of the pMOS transistors in the bandgap reference is done in the same 
way resulting in the area marked “pMOS”. 
 
The decoupling capacitor C2 was realized using the fact that if the gate potential 
is constant (in this case the gate is connected to Vref) a transistor connected as 
shown in figure 5-17 can act as a capacitor (due to the gate-oxide having the 
capacitivity of 4.5 fF/µm2 in this process) and thus 22 such transistors connected 
in parallel gives 10 pF (the total gate capacitance of one transistor is  
W*L*4.5 fF = 0.45 pF). 
 

 
Figure 5-17. A capacitor realized with the gate capacitance of an nMOS 
transistor.  
 
A capacitor realized like this occupies smaller area than the usual realization, 
see chapter 4.8. The decoupling capacitor is the area marked “C2”. 
 



Chapter 6. Conclusion 

 49

 

6 Conclusion 
A voltage regulator with special features as the on/off function and the 
possibility to chose between two output levels, has been implemented as well as 
a bandgap reference with on/off function and a “Brown out detections” 
functionality (BOD) to detect when the battery is running out. 
 
The BOD functionality was finally implemented by simply using the output 
voltage from the error amplifier in the regulator. When this voltage is zero it is 
time to change battery (when implemented in this regulator this happens when 
the battery voltage is approximately 2 V). The proposed circuitry can be seen in 
figure 5-14 but it was not to be used in the regulator designed in this work since 
the battery must be controlled continuously. Thus the BOD function was placed 
in another regulator which was always active.  
 
In figure 6-1 below, the final circuit (to be placed in the “Ella” circuit) with both 
the regulator and the voltage reference is shown together with the load used for 
simulations. The voltage regulator circuit can be seen in figure 5-3 above and 
the bandgap rererence can be seen in figure 5-8.  
 

 
Figure 6-1. The final circuit containing the voltage regulator and the bandgap 
reference. 
 
The voltage regulator manages to power the load down to a battery voltage of 
approximately 2.0 V (in 1.8 V mode). Then the voltage drop over the series 
transistor in the regulator (M1 in figure 5-3) becomes too large and the output 
voltage Vdd1 starts to decrease, see figure 5-6 showing the simulation results of 
the circuit above. 
 
Moreover, the regulator fulfills the battery voltage and temperature dependence 
specifications, i.e. the Vdd1 voltage does not vary more than ±10% from the 
nominal value (1.8 V or 3.0 V). 
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The bandgap reference fulfills the requirements of generating a stable voltage 
and current reference in order for the regulator to function properly. It is shown 
that the voltage reference is almost temperature independent and power supply 
voltage independent if the battery voltage is larger than ~1.5 V. 
 
The total power consumption of the regulator and the reference is 48 µW (Iload = 
12 µA at 4 V battery voltage) 
 
The layout of the circuit in figure 6-1 resulted in a total chip area of 0.2 mm2, 
which is a reasonable size, and is shown in figure 5-16. Several techniques were 
used to increase matching of element and in order to minimize noise from the 
substrate guard rings were used. 
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8 Appendix 
8.1 MOSFET drain current equations 
 
These equations hold for an n-channel enhancement transistor (first order 
approximations for hand calculations). In case of a p-channel transistors these 
equation can also be used if a negative sign is placed in front of every voltage 
variable. Thus, Vgs becomes Vsg , and so on [3]. 
 
Cut off region, Vsg < Vt,n :  ID = 0 

 
Linear region, Vsg > Vt,n  and 0 < Vds < Vgs –Vt,n  
 

Id =µnCox(W/L)/2 [2(Vgs –Vt,n)Vds – Vds
2]  

 
 
Saturation region, Vgs > Vt,n  and Vds ≥ Vgs –Vt,n   

 
Id =µnCOX (W/L)/2 (Vgs –Vt,n)2 (1+λVds) 

 
A more correct equation for the “cut off” region is the following: 
 
Sub-threshold region (weak inversion) Vgs – Vt,n ≈< −100mV  
 

Id = Id0 (W/L) exp (qVgs /(nkT)   
 

where n = (Cox + Cdepl) / Cox    
(It has been assumed Vs = 0 and Vds > 75 mV) 

 

8.2 Temperature dependence 
 
The temperature dependence of CMOS components is of great importance in the 
performance of analog circuits and is, in the case of passive components, usually 
described in terms of the fractional temperature coefficient defined as: 

 
TCf  = 1/X*dX/dT 

 
where X can be the resistance R or the capacitance C of the passive component.  
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Example: The temperature coefficient of high resistive poly in AMS 0.35 µm 
process is TCf = −0.4*10-3 /K giving that the resistance at temperature T [K] can 
be approximated as: 
  

R(T) = R0( 1- 0.4*10-3 *(T-T0)) 
 

where R0 is the resistance at temperature T0.Note that often when defining the 
resistance, where R0 is the proper notation, the notation R is used. 
 
The fractional temperature coefficient can also be expressed in units of ppm/°C 
if multiplied with 106 which is a commonly used unit. Sometimes the 
temperature dependence is expressed in mV/°C which refers to the derivative 
dV/dT = α 
 
Example: The temperature dependence of the threshold voltage (Vt) of a 
transistor at the temperature T can be approximated by: 

 
Vt (T) = Vt,0 – α (T – T0)  

 
where α ≈ 2.3 mV/°C. For more about temperature coefficient see [2]. 
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