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Abstract 

 
This thesis report presents system specification, such as frequency and output 

power level, and selection topology of an oscillator circuit suitable for a 

CMOS Integrated Doppler radar application, in order to facilitate short range 

target detection within 5-15 m range, using a 0.35 µm CMOS process. With 

this selected CMOS process, the frequency band at 2.45 GHz or 5 GHz, with 

a maximum output power level of 25 mW (e.i.r.p), is found to be appropriate 

for the whole system to obtain a good performance. In this thesis work, a Ring 

VCO with pseudo-differential architecture has been designed and optimised 

for 2.45 GHz application. However, for 5 GHz application, a differential 

cross-coupled LC VCO oscillator topology has been suggested and it is so 

designed that it can be further scaled down to operate at a frequency of 2.45 

GHz. The performance of the oscillator circuits has been tested at circuit level 

and has been presented as simulation results in this report. 



 

   

Sammanfattning 

 

Denna avhandlingsrapport presenterar systemspecifikation, såsom frekvens 

och uteffekt, samt val av topologi för en oscillator lämplig för en CMOS 

integrerad dopplerradar, för att på korta avstånd upptäcka mål inom 5-15 m 

räckvidd i en 0,35 um CMOS teknologi. Med den valda CMOS processen 

uppnås bra prestanda med frekvensband på 2,45 GHz eller 5 GHz, och med en 

maximal uteffekt på 25 mW (e.i.r.p). I detta examensarbete har en ring-VCO 

med pseudo-differential arkitektur utformats och optimerats för 2,45 GHz. För 

5 GHz har en differentialkorskopplad LC-VCO oscillator topologi föreslagits 

och den är utformad så att den kan skalas ned för att fungera på en frekvens på 

2,45 GHz. Prestandan hos dessa oscillatorer har testats på kretsnivå och 

presenteras som simuleringsresultat i denna rapport. 
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1 Introduction 

1.1  Motivation 

 
Doppler radar technology now-a-days plays a vital role in many fields 

including industrial, scientific researches to medical applications. This 

technology mainly relies on the principle of Doppler effect to extract 

information like position, motion and velocity of an object at a certain 

distance within a certain range. Recently this technology has been booming a 

lot in some commercial short-range products like security alarm against theft, 

monitoring heart rate and respiration activity of a human body, RF tag 

detection, sensor light, etc. These Doppler radar products offer some special 

features like, they are highly sensitive to target detection within a certain 

range of operation, they radiate comparatively low power, thus reducing any 

harm on human-body, and also, due to small and easy circuits alignment and 

low cost of such products, make this technology accessible to a wide range of 

applications. However, their applications are limited to a certain reserved 

frequency bands in the RF/microwave regime. Also different parts of the 

world have different approved frequency bands allocations for the legal 

operation of such products.  
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 The frequency band, power levels and other important performance 

parameters or specifications vary from applications to applications within this 

microwave range. One such application could be the possibility to build on 

chip Doppler radar products using an integrated low-cost conventional CMOS 

technology. These particular products could then be merged with other 

components or circuits and can be used as short range detecting or sensing 

devices depending on the required applications for e.g. burglar alarm, sensors 

for light switching etc.  

 

The next following sections describe the application of one such possible 

short range device and the main purpose of this thesis work associated with 

this device. 

1.2  Purpose 

 
The main objective of the thesis work is to define the system specification and 

to design an oscillator circuit suitable for on chip Doppler radar in 0.35 µm 

CMOS technology that can be used in the application of detecting any 

movements within 5 m to 15 m range. The specification for the following 

system includes operating frequency, output power level, antenna selection 

and different suitable oscillator topologies to be compatible with this 

application and after identifying the appropriate frequency bands and output 

power level of the carrier wave, suitable oscillator topologies can be selected. 

In this thesis work, two such oscillator topologies, namely Ring VCO and 

differential cross-coupled LC VCO have been suggested and the designs of 

the following oscillators are presented in this report. 

 



Integrated CMOS Doppler Radar. 

18 
 

1.3  Problem Statement 

 
This section states some of the specific questions associated with this system.  

a. Is the frequency band at 2.45 GHz suitable for this application 

with this selected 0.35 µm CMOS technology? 

b. Is it possible to get a frequency of 2.45 GHz with a simple Ring 

VCO topology? 

c. If ‘b’ is possible then can we use the same Ring VCO topology to 

make it to work at 5 GHz? 

1.4  Limitations 

 
As this thesis work is associated with the CMOS Doppler radar, therefore it is 

confined to only microwave spectrum. Also, there are some reserved 

frequency bands, other than telecommunications, within the RF spectrum that 

can be used particularly for this purpose. There are also some additional 

constraints like maximum power level of the transmitted signal hitting the 

target. The maximum output power cannot be too high to cause any health 

hazards, if the target is a person or to create any interruptions with other RF 

communication systems operating in the same frequency band. Also, the 

power level cannot be too low to detect the signal. Based on the application, 

frequency band selection and power level, a suitable antenna topology has to 

be selected in order to enhance the performance of the product. More details 

on the specification and designs have been discussed in the later sections. 
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2 Background 

2.1  Introduction 

 
The thesis work is related to build a system on chip which can be incorporated 

with other circuits, in order to be used as a short range device (SRD) for 

detecting purpose. The system may be defined by a simple circuit as shown in 

Figure 1.  

 

 

Figure 1: Simple circuit diagram for the system. 
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The Doppler Effect is created by sending out a signal and detecting the 

reflected signal from any objects within the range of the radar. When an 

objects moves, the reflected signal will shift in frequency. The mixer detects 

this frequency difference between the original transmitted signal and the 

reflected signal and produces a signal that can be detected by some other 

circuit.  

The power of the reflected signal, Pr, from the target can be expressed by the 

radar equation (1) 

 

Pr = 𝑃𝑃𝜎 𝜆2𝐺2

64𝜋3𝑅4
               (1) 

 

where Pr, Pt are the powers of reflected and transmitted signals respectively, λ 

is the wavelength of the signal, G is the gain of the antenna, σ is the radar 

cross section and R is the range of the radar. 

In Europe the short range devices (SRDs) can operate freely without licence 

or any paperwork. Therefore, in order to avoid any interference with other 

radio communication systems, SRDs must operate with low power levels, 

which are being ensured by conforming to ETSI standards. Also the SRDs 

have a high degree of freedom on radio spectrum, to be used across Europe. 

The use of permissible frequency bands within the radio spectrum ranging 

from 1 GHz to 40 GHz, as allocated by ETSI standard (EN 300 440), would 

be justifiable for the operation of our system. There are several permitted 

frequency bands allocation as shown in Table 1 that can be used particularly 

for this purpose [1].   
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 Frequency Bands Applications 
Transmit and Receive 2.400 GHz to 2.4835 GHz Detection, movement and 

alert applications 
Transmit and Receive 9.200 GHz to 9.500 GHz Radiodetermination: radar, 

detection, movement and 
alert applications 

Transmit and Receive 9.500 GHz to 9.975 GHz Radiodetermination: radar, 
detection, movement and 

alert applications 
Transmit and Receive 10.5 GHz to 10.6 GHz Radiodetermination: radar, 

detection, movement and 
alert applications 

Transmit and Receive 13.4 GHz to 14.0 GHz Radiodetermination: radar, 
detection, movement and 

alert applications 
Transmit and Receive 17.1 GHz to 17.3 GHz Radiodetermination: GBSAR 

detecting, movement and 
alert applications 

Transmit and Receive 24.00 GHz to 24.25 GHz Generic use and for 
Radiodetermination: 

detection, movement and 
alert applications 

 
Table 1: SRDs within the 1 GHz - 40 GHz permitted frequency bands [1] 

 

There are many scientific papers and examples of radar products operating at 

5 GHz or 10 GHz using discrete microwave circuits. One example of such 

products is shown in Figure 2 [2] and this product can be used as motion 

detection equipment. And also there are some scientific publications of high 

precision radar motion detector circuits in 0.25 µm and 65 nm CMOS process 

for health application. However, with 0.35 µm CMOS technology, the system 

or the product operating at a very high frequency will probably not give 

sufficient performance. So, we have to select a lower frequency band for this 
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purpose and rely on it. Therefore, the frequency band 2.4000-2.4835 GHz 

with a carrier frequency of 2.450 GHz would be apt for the system. Also, the 

equivalent isotropic radiated power (e.i.r.p) of the transmitted signal, 

operating at these frequency bands must be limited to maximum or 25 mW 

(approx. 14dBm) as stated in [1] 

 

 

 
 

 

 

 

 

 

 

Figure 2: 5.8 GHz Microwave motion sensor module 

 

Another important specification for the system is the antenna selection. Since 

the product will be used to detect any presence within a certain range, it is 

ideal to use a conventional non-directional antenna with unity gain. And 

depending on the operating frequency of the system, antenna size also varies. 

If the operating frequency is selected to be very high, then the antenna size 

can be reduced, for better performance, and vice versa. With the specified 
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transmitted power level and given specification of the system, it is possible to 

approximate the reflected power level of the signal. For simplicity the gain of 

the antenna is assumed to be unity. The radar cross section (RCS) area, which 

is basically a measure of the ability of a target to reflect signal in the direction 

of the receiving antenna, varies from target to target. If the target is a ‘human’ 

then RCS may be assumed to be 1 [3]. By using equation (1), it is found that 

for a 2.45 GHz carrier wave, the power level of the reflected signal varies 

from -65 dBm to 84 dBm when the radar range varies from 5 - 15 m. 

2.2  Conclusion 

 
In this chapter the required specification for the whole system has been 

discussed and identified. It is now possible to select an oscillator topology, 

that best fits our design, based on this specification. The device should be 

active all the time for detecting any motion, therefore the oscillator or the 

sender should be continuously emitting signals as sine waves. Thus a 

sinusoidal or harmonic voltage control oscillator would be required for this 

design, in order to operate over a certain range of frequency bands. 
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3 Theory 
 

3.1  Introduction 

 
In this chapter the background theory required for this thesis work will be 

presented. At first the overview of the oscillator operation and different 

oscillator types will be discussed briefly. And based on the theory, a suitable 

voltage controlled oscillator (VCO) topology will be selected, which will be 

presented in the later section. 
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3.2  Oscillator’s basic  

 
An oscillator is a device that converts direct current from a power supply into 

alternating current signals.   

 

 

 
Figure 3: Feedback system 

 
 

A typical oscillator circuit can be represented by a simple linear feedback 

circuit as shown in Figure 3, with overall transfer function expressed as: 

 
 

𝑉𝑉𝑉𝑃
𝑉𝑉𝑉 

(𝑠) = 𝐻(𝑠)
1+𝐻(𝑠)

                (2) 
 

 
where Vou(s), Vin(s) and H(s) are the frequency domain representation of input 

signal, output signal and the system’s impulse response respectively. For an 

oscillator to maintain steady oscillation, two conditions must be fulfilled 

which are known as the ‘Barkhausen criteria’ and the conditions are as 

follows: 

 
|𝐻(𝑠)| ≥ 1             (3) 

 

∠𝐻(𝑗𝜔0) =  180°       (4) 
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From equation (3) and equation (4) it can be stated that the absolute value of 

the loop gain of the system|𝐻(𝑠)|, must be greater than or equal to unity and 

the additional frequency-dependent phase shift, ∠𝐻(𝑗𝜔0), around the loop 

must be equal to 180°. 

Theoretically these two conditions are the necessary conditions to ensure 

oscillation, but in practice they are not. In order to assure oscillation in the 

presence of temperature or process variations, the |𝐻(𝑠)| should be at least 

two or three times the required value [4].  

3.3  Types of Oscillators  

 

There are different kinds of oscillators present, but for our system a CMOS 

oscillator, which are typically implemented as Ring or LC type oscillators [4] 

is needed. One of the major advantages of using Ring or LC type oscillators 

for our system is that their structures are not very complicated and also, they 

can be very easily tuned to wide range of frequency bands by controlling the 

input voltage. Hence they can be classified as voltage controlled oscillators. 

 

LC and Ring VCOs may have different topologies and each topology has its 

own advantages and disadvantages. None of these can be considered to be 

better suited than the other. There are some performance parameters that 

should be considered while designing a VCO, such as wide tuning range, low 

power consumption, phase noise, small layout area on chip, etc. And 

depending on the system specifications, one suitable topology has to be 

selected to obtain optimum performance.  
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3.4   Ring Oscillators   

A ring oscillator consists of number of n-delay cells connected in a chain, 

where the output of the last cell is fed as the input of the first cell. The output 

signal of a ring oscillator varies between two voltage levels, false or "0" and 

true or "1". And the frequency of oscillation is given by the equation:   

fosc=
1

2∗𝑃∗𝑉
            (5) 

 
where t is the delay per cell and n is the number of delay cells. Thus delay per 

cell, t, can be adjusted to tune the oscillation frequency. 

The delay cells of a ring oscillator can be implemented as simple inverters or 

as differential amplifier stages. Figure 3 shows a simple three-stage ring 

oscillator design i.e. n=3. 

 

 
 

Figure 4: Three-stage ring oscillator architecture 

 

The minimum voltage gain per stage that is necessary for oscillation in a 

three-stage ring oscillator can be derived from the transfer function of each 

stage and by using ‘Barkhausen criteria’. The transfer function, T(s), of each 

stage is denoted by: 

 

T(s)= - 𝐴03

(1+ 𝑆
𝜔0

)3
              (6) 
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The circuit oscillates only if the frequency -dependent phase shift is equal to 

180°. Therefore, if each stage contributes 60° then the frequency at which this 

occurs is given by: 

 

𝑡𝑡𝑡−1 𝜔0𝑠𝑠
𝜔0

= 60o                (7) 

 

 

Hence: 

𝜔0𝑠𝑠=√3 𝜔0
                  (8) 

 

The minimum voltage gain per stage can now be found by substituting the 

magnitude of the loop gain at oscillation frequency,  ω0sc, to unity: 

 
𝐴03

[ �1+(𝜔0𝑠𝑠𝜔0
)2]3

 =1          (9) 

 

Solving the above equations, we get A0=2. 

 

In short, a three-stage ring oscillator requires a minimum voltage gain of 2 per 

stage and can oscillate at a frequency of √3 𝜔0, where 𝜔0 is the 3-dB 

bandwidth of each stage. It is also evident from ‘Barkhausen criteria’ that 

higher the number of stages, less gain is required per stage [4]. Also, higher 

the number of stages, lower will be the frequency of oscillation as referred 

from equation (5). 
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3.5  Ring VCO topology  

 
A ring oscillator inherently does not support frequency tuning through voltage 

control. But the delay cell can be such modified that it can very well tune the 

frequency, thus making the oscillator circuit a voltage-controlled oscillator 

(VCO). 

The delay cells of a Ring VCO can be classified into two form: single ended, 

and differential. A Single Ended Ring Oscillator (SERO) is composed of odd 

number of delay cells containing NMOS and PMOS transistors, whereas a 

Differential Ring Oscillator (DRO) is made up of odd or even number of 

delay cells with active or passive loads. The implementation of the delay cells 

in a Ring VCO can be of different types. Few of the basic topologies of a 

Ring VCO have been briefly discussed below [5]. 

3.5.1  Current-Starved delay cell  

Each delay cell in the ring oscillator chain can be implemented as a current 

starved inverter. The charging and discharging time of the cell are controlled 

the voltages Vp and Vn, which can be generated from one controlled current 

source using current-mirror effect. Also, one can omit the current source and 

set both the voltages as external bias voltages. 
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Figure 5: Current starved delay cell 

 

This kind of delay cell-based oscillator is very simple to build and also 

consumes less power and less area on chip. Thus, by controlling the voltage 

and sizing the transistors properly one can achieve the desired frequency with 

a wide tuning range. However, there are some drawbacks with this design. 

Firstly, the inverter cell does not work at a very low bias voltage and secondly 

the output DC levels of the VCO are not constant, which makes the system 

unstable at very high frequencies. 

3.5.2  Delay cell with controllable pass gate  

In this design, instead of varying the current level through the inverter, we 

adjust the frequency by placing a voltage-controlled pass gate at the output of 

each cell. This pass gate adds delay to the circuit depending on the control 

voltage, and by adjusting this delay, the frequency at the output can be 

controlled. This topology is very effective in controlling the frequency 

through delay. However, due to the extra capacitance and delay from the 
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additional pass gate, this design is not ideal for higher frequencies, even 

though the control voltage is maximum. 

 

 

Figure 6: Ring VCO with controllable transmission gates 

3.5.3  Differential cell with resistive loads 

 
In this type topology, the oscillation frequency can be achieved very easily 

due to the current mode and differential noise rejection property of the 

differential pair. The tail current source, which is controlled by the control 

voltage of the VCO, determines the bias current. The load or resistors in this 

design can also be replaced by MOS transistors. This kind of design exhibits 

better noise performance with a high achievable maximum output frequency 

but with a low tuning range as compared to other ring oscillators.  

There are various ring VCO topologies possible depending on the desired 

performance parameters. And it can be summarised that an SERO can be used 

to achieve a low frequency with a wide tuning range and also it consumes low 

power whereas, an DRO can be used to achieve a very high frequency with a 



Integrated CMOS Doppler Radar. 

32 
 

better common mode rejection of substrate and supply voltage noise. 

 

Figure 7: Differential cell with resistive loads 

3.6  LC VCO 

 
This kind of oscillator consists of a tuned circuit or tank with an inductor and 

a capacitor connected together. 

 
Figure 8: Simple LC circuit model 
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The oscillation frequency of LC topologies is equal to: 

 

fosc=
1

2𝜋√𝐿𝐿
 (10) 

From the above equation it can be seen that only the inductor or capacitor 

value can be varied in order to tune the oscillation frequency. The other 

parameters such as bias currents or transistor transconductances hardly affect 

the oscillation frequency. It is very difficult to vary the value of on-chip 

inductors, so the capacitance value can be adjusted in order to tune the 

frequency of the oscillator. And to vary the capacitance, a voltage dependent 

capacitor commonly known as ‘varactor’ can be used. 

3.7  LC VCO topology 

 
LC- oscillators topologies can be classified as single MOS transistor or 

differential MOS transistors. In this section some of the basic LC VCO-s 

differential cross-coupled topologies have been discussed. 
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3.7.1  NMOS LC VCO 

 
Figure 9: NMOS LC VCO  

 

Figure 9 shows an NMOS LC VCO topology [6]. It consists of two inductors 

and a varactor, forming the LC tank of the oscillator, a pair of cross coupled 

NMOS transistors and an NMOS tail current source at the source terminal. 

The transconductance of the cross coupled transistors adds negative resistance 

to the oscillator, which in turn provides energy to compensate for the losses of 

the LC tank and keep the oscillation maintained. Unlike the varactor, the 

inductors in this design are directly connected to the supply voltage which 

makes the system more sensitive to supply disturbances. The capacitance of 

the varactor is controlled by a control voltage and by controlling the voltage, 

the frequency of oscillation can be tuned as desired. The phase noise 

performance of these circuits depends on the quality factor of the LC tank, the 

MOS current source and also on the voltage across the tank. Therefore, all 

these values have to be chosen wisely as per requirements.  
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This kind of symmetrical differential topology has some advantages. It 

provides lower harmonic distortion and also offers a maximum tuning range. 

3.7.2  PMOS LC VCO  

 
 

 
Figure 10: PMOS LC VCO 

 

The design of an PMOS LC VCO [6] is quite similar to the design of an 

NMOS LC VCO, consisting of a LC tank, an PMOS cross coupled 

differential pair and a PMOS tail current source is connected at the source 

terminal of the PMOS differential pair. As the mobility of the holes is slower 

than that of the electrons, the size of the PMOS transistors must be twice than 

the NMOS transistors in order to achieve the same transconductance and 

hence to maintain similar negative resistance performances. Also, due to the 

lower current density of PMOS, as compared to NMOS of same dimension, 
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this leads to smaller flicker noise and better phase noise characteristics in the 

PMOS LC VCO.  

3.7.3  PMOS & NMOS cross-coupled LC VCO  

 
Figure 11: PMOS-NMOS cross coupled LC VCO 

 

In this architecture [6], the negative resistance is provided by both NMOS and 

PMOS differential cross coupled pairs and therefore, can be used to achieve 

more positive gain. Also the inductor in this design has been replaced by a 

differential inductor. With this architecture, the tail current source can be 

placed either at the source of an NMOS or PMOS differential pair. The tail 

current source accounts for low power consumption in the circuit. However, 

the tail current source is considered to be one of the sources of noise, 

therefore for such cross-coupled differential designs, the tail current source 

can be omitted in order to achieve a low phase noise characteristic. So there is 

a trade-off between power consumption and phase noise performance. Also, 
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due to the presence of more active devices (NMOS & PMOS), the parasitic 

and the sources of noise increase, which further degrade the phase noise 

performance and frequency tuning efficiency of the circuit.  

The differential LC VCO topology is very suitable for the systems where high 

frequency is required and also this topology is adapted to various process 

variations thus making it suitable for deep sub microns CMOS technologies. 

 

3.8  Conclusion 

 
In this chapter some of basic topologies of Ring and LC VCOs have been 

discussed, based on which the designs of two proposed VCOs and their 

working principles will be presented in the next chapter.  
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4 Method    
 

4.1  Introduction 

 
For this thesis work, two different voltage controlled oscillators have been 

designed and optimised to operate at 2.45 GHz and 5 GHz respectively. The 

oscillators are so designed that they are compatible with the operation of the 

Doppler power amplifier-mixer circuit in [7], to be used for sensing purpose.  

Firstly, in this chapter a 3-stage Ring VCO design has been presented that is 

suitable to operate in the band 2.4000-2.4835 GHz. Secondly, a 5 GHz 

differential cross-coupled LC VCO design has been presented which can be 

further scaled down to 2.45 GHz. All these designs have been optimised and 

verified with simulation results which are also presented and discussed in the 

next chapter. 
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4.2  Tools used  

 
The design work is on schematic level using integrated low cost conventional 

CMOS process. The tools used in this work are as follows: 

 

The Process development kit (PDK): The C35 process from Austria 

Microsystems (ams) is a 0.35 µm CMOS mixed-signal process. In this work, 

we have used the process variant C35B4, which includes PIP capacitors, 5 V 

devices and four metal layers. 

Cadence (spectre, virtuoso): for designing the oscillator circuits and to 

simulate the circuits to verify its performance. 

MATLAB: to plot graphs of different simulation results of the oscillator 

circuits, whose data have been extracted from cadence, in order to compare 

the results smoothly. 
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4.3  2.45 GHz 3-Stage Ring VCO  

 
 

Figure 12: Schematic block diagram of a 3-stage differential ring VCO 

 

In general, a number of delay cells are connected in positive feedback loop to 

form the basis of ring-VCO. These delay cells are mainly inverting amplifiers. 

One of the important task of the designing a high frequency ring oscillator is 

to choose suitable number of stages as seen in equation (3). With a differential 

architecture both even and odd numbers of stages are possible. Two or four 

numbers of stages are also preferred with such differential RO architecture to 

achieve a high frequency range. But with two stages, extra power will be 

required to produce the extra phase shift, to make it oscillate, in order to 

satisfy ‘Barkhausen criteria’ whereas with four stages high power is 

consumed by the addition of an extra stage. So for this thesis work, the ideal 

number of stages has been chosen to be three and each stage has been 

implemented as a pseudo-differential push-pull inverter [8].  



Integrated CMOS Doppler Radar. 

41 
 

Figure 13: Schematic diagram of the proposed differential delay cell 

 

Transistors W/L (µm) 
P1=P2=P3 30 

N1=N2 25 
N3=N4 5 

Capacitors Farad (F) 
C1=C2 700 f 

 

Table 2: Optimised design parameters of the proposed delay cell. 

 

Figure 13 shows the schematic diagram of the delay cell. The inputs of the 

delay cells are complementary pair and so are the outputs. Each of the two 

input pairs consists of two different sizing of the MOS transistors, as shown in 

Table 2. In addition, two cross-coupled NMOS transistors with series 

connected load capacitors have been connected in parallel with the NMOS 
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input pairs to ensure fast switching speed. 

 

The operation of the delay cell is such that if the input InA is excited to a high 

voltage node, the input InB becomes low. This basically turns on N1 and P2, 

whereas N2 and P1 remain off. This in turn makes the voltage of output OutA 

zero and turns on N3. During this period of time the charge from series 

capacitor C1 connected to N3 is discharged. Similarly, when InA becomes low, 

reverse operation of the MOS transistors occurs. N3 remains on until complete 

discharge of C1. OutA becomes high and this turns on N4. The previously 

discharged capacitor C1 recharges again through N3. The tuning transistor P3 

controls the charging and discharging time of the load capacitor which in 

turns controls the delay through the cell and hence the oscillation frequency. 

 

The sizing of the transistors also has a great impact on the oscillation 

frequency. The rise and fall time of the output waveforms depend on the 

charging and discharging time of the load capacitors. And in order to make 

the rise and fall time equal, the charging current must be equal. The charging 

current depends on the mobility of the PMOS transistors which is slower 

compared to NMOS. So the width of the PMOS needs to be larger as 

compared to the NMOS. Therefore, the transistors are properly sized and 

optimised to make the oscillator work at 2.45 GHz, when the control voltage 

is 0.75 V and the supply voltage is 3 V, at a temperature of 27 °C with an 

output power level of -14 dBm. 
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4.4  5 GHz Differential Cross-Coupled LC VCO  

 

 

Figure 14: Schematic diagram of the LC-VCO with ideal inductor. 

 

A simple ring VCO design, as presented in the previous section, is suitable to 

work in the MHz range and can extend even up to 3 GHz [9], [8]. But for a 5 

GHz VCO, a different topology is needed. Figure 14 shows the schematic 

diagram of a differential cross coupled LC-VCO which has been designed and 

optimised to operate at a frequency of 5 GHz with a tuning range of 5-6 GHz. 

 

The oscillator design is based on the theory of negative conductance. The 

oscillation of the LC tank doesn’t last long due to the parasitic resistance of 

the tank, which dissipates energy constantly from the tank. However, the cross 

coupled architecture of MOS transistors adds enough negative resistance to 

the circuit to cancel out the effect of the parasitic and thus keeping the 

oscillation sustained.   
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The inductor used in Figure 14 is an ideal model inductor which has been 

replaced by a real model inductor as shown in Figure 15.  

 
Figure 15: Schematic diagram of a LC-VCO with real model inductor. 

 

 
Figure 16: Layout of the real-model inductor 
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Most common topology for the inductors on-chip is the planar square spiral. 

These integrated on chip inductors occupy a lot of area on chip and are found 

to be in the range from about a few nH up to about 10 nH. For this design the 

lowest real model inductor value from the design library is found to be 1.4 nH 

and for the ideal model inductor, 2 nH has been used. However, for this 

design a symmetrical real model inductor was required to make the circuit 

completely differential, but the one used from design library, shown in Figure 

16, is not symmetrical in shape. Two asymmetrical inductors of same 

inductance value could have been used for this purpose but that would have 

occupied even more layout space on chip. Despite this unsymmetrical nature 

of the inductor, the performance of the oscillator was not hampered so much.  

For the variable capacitors, diode-connected MOS gates have been used and 

these diodes are kept as reverse biased, so that they can change their 

capacitances and avoid direct current to pass through them.  A DC voltage 

‘Vcontrol’ is used to alter the capacitance which in turns varies the frequency 

of the tuned circuit. The control voltage through the tank can vary from 

ground level to a high voltage level up to Vdd. 

 

The negative resistance has a great impact on the oscillation amplitude which 

in turn determines the phase noise performance of the oscillator. It is therefore 

desirable to control the negative resistance which can be done by the bias 

current source as shown in Figure 15. The bias current through the circuit also 

accounts for the total power dissipation of the oscillator. Therefore, it is a 

trade-off between dissipation and phase noise performance of the oscillator. 
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 5 GHz LC VCO 2.45 GHz LC VCO 

Ideal model 

inductor 

Real model 

inductor 

Ideal model 

inductor 

Real model 

inductor 

Transistors W/L (µm) W/L (µm) W/L (µm) W/L (µm) 

M1=M2 120 120 120 120 

N1=N2 60 60 120 120 

M3=M4 20 20 20 20 

N3=N4 10 10 10 10 

Bias Current Ampere (A) Ampere (A) Ampere (A) Ampere (A) 

I0 4 m 4 m 4 m 4 m 

Capacitors Farad (F) Farad (F) Farad (F) Farad (F) 

Cvar1=Cvar2 409 f 876 f 2.92 p 2.92 p 

C1=C2=Cload 50 f 50 f 50 f 50 f 

Inductor  Henry (H) Henry (H) Henry (H) Henry (H) 

L0 2 n 1.4 n 2.5 n 2.4 n 

 

Table 3: Design parameter of 5 GHz and 2.45 GHz LC-VCO for real 

and ideal model inductor. 

 

Table 3 shows the optimised design parameter of the 5 GHz differential cross-

coupled LC-VCO for both real and ideal model inductors. The MOS 

transistors are properly sized to provide enough negative resistance to 

overcome the loss in the LC tank and to maintain the oscillation. The 

oscillation frequency is determined by the values of ‘L’ and ‘C’. For an ideal 

inductor, inductance of 2 nH has been chosen. The capacitance value is 0.409 

pF when the control voltage is 2.5 V and the oscillator oscillates at a 
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frequency of 5 GHz. On the other hand, for the real model inductor, the 

capacitance value is 0.876 pF for a control voltage of 2.6 V to achieve the 

same frequency. This is justifiable from equation (10), as for real model when 

inductance value decreases to 1.4 nH, the capacitance value must increase to 

maintain the same oscillation frequency. 

 

The design, in Figure 15, can further be scaled down to make it oscillate at 

2.45 GHz and thus making the design suitable for the frequency band of 

2.4000-2.4835 GHz. Similarly, the design has been implemented with both 

real and ideal model inductors and the optimised design parameters are also 

shown in Table 3. In this case, with the previous sizing of the transistors for 5 

GHz, the negative resistance from the cross-coupled MOS transistors is not 

enough to overcome the loss of the tank and so, the circuit does not oscillate. 

Therefore, the transistors have been sized accordingly to provide the negative 

resistance necessary for the maintaining the oscillation. Also the values of ‘L’ 

and ‘C’ have been increased to make it to oscillate with a lower frequency.  

 

With the mentioned design parameters, the circuit now oscillate at 2.45 GHz 

with a control voltage of 2.35 V for ideal model inductor and with a control 

voltage 2.15 V for real model inductor.  

4.5  Conclusion 

 
This chapter shows two different topologies of a VCO: a differential 3-stage 

ring VCO oscillator and a differential cross-coupled LC VCO. The ring VCO 

has been designed and optimised for a 2.45 GHz carrier frequency, whereas 
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the LC VCO has been designed to work with both 2.45 GHz and 5 GHz 

respectively. 

The frequency of an oscillator also varies with the surrounding temperature 

and supply voltage. The sensitivity of the oscillator and other variation of the 

parameters on the carrier wave are presented through simulation results and 

are discussed and compared in the next chapters. The results are compared for 

both the presented topologies working at 2.45 GHz and 5 GHz.  
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5 Simulation Results    
 

 
 
 
The proposed architectures of the VCO have been verified by Cadence spectre 

simulator with the 0.35 µm CMOS process. Transient, PSS and harmonic 

balance simulations have been performed to determine the waveform, 

frequency and power of the output signal. To evaluate optimal performance of 

the oscillator, the frequency variation of the oscillator with varying 

parameters like supply voltage ‘Vdd’, control voltage ‘Vc’ and temperature 

have also been measured and this has been done with ‘Harmonic balance’ -hb 

simulation with a swept. The various simulation results are presented and 

compared in this chapter. 
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5.1  Output waveforms  

 

Figure 17: Output waveform of 2.45 GHz 3-stage differential Ring VCO. 
 

 

Figure 18: Output waveform of 2.45 GHz differential cross-coupled LC VCO. 
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Figure 19: Output waveform of 5 GHz differential cross-coupled LC VCO. 

 

The figures above show the output waveforms of the ring VCO operating at 

2.45 GHz and the differential cross-coupled LC VCO outputs operating at 

2.45 GHz and 5 GHz respectively, with a temperature of 27 °C and a supply 

voltage of 3 V. All the outputs are differential and are marked by red and 

green as shown in the graphs. 

5.2  Variation of frequency with control voltage for 2.45 GHz Ring VCO 
& LC VCOs (with real and ideal inductor model) 

 

Figure 20 shows graphs of ‘frequency variation with control voltage for 2.45 

GHz ring VCO (RO) and for 2.45 GHz LC VCO with both ideal (ideal) and 

real model inductors (Real) when the temperature is 27 °C and the supply 

voltage is 3 V. It can be stated from the graphs that when control voltage 

increases frequency of oscillation decreases. The tuning ranges of the 

oscillators and the control voltages at which 2.45 GHz oscillation occurs can 
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be summarised in Table 4. 

 
Figure 20: Frequency v/s control voltage plots for 2.45 GHz Ring VCO & LC 

VCOs 

Topology Tuning range Control voltage (V) 

@2.45 GHz 

Ring VCO 0.7-2.6 GHz 0.75 

LC VCO _ideal L 2.29-3.8 GHz 2.35 

LC VCO _real L 2.2-3.8 GHz 2.15 

 

Table 4: Tuning range variation with different 2.45 GHz VCO topologies 

 

From Table 4 it can be summarised that the Ring VCO topology offers much 

wider tuning range as compared to LC VCO. And there is not much variation 

in the tuning ranges of LC VCO when compared with real and ideal model 

inductors. Also, the control voltage required to achieve carrier frequency of 

2.45 GHz for ring VCO is much smaller as compared to LC VCO. 
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5.3  Variation of frequency with supply voltage for 2.45 GHz Ring VCO 
& LC VCOs (with real and ideal inductor model) 

Figure 21: Frequency v/s supply voltage plots for 2.45 GHz Ring VCO & LC 
VCOs 

 

The supply voltage has a great impact on the carrier frequency. As supply 

voltage increases the frequency of oscillation increases. With 0.35 µm CMOS 

process, the supply voltage cannot go beyond 3.3 V and with a supply voltage 

below 2 V the system becomes unstable. From the graphs in Figure 21, it can 

be seen that with ring VCO topology, the carrier frequency of 2.45 GHz 

varies significantly, ranging from 1.3 GHz-2.68 GHz, when supply voltage 

changes from 2 to 3.3 V. On the other hand, for LC VCO topology the change 

is within 0.6 GHz range when real model inductor is used, which is slightly 

more as compared to the design with ideal model inductors.  
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5.4  Variation of frequency with Temperature for 2.45 GHz Ring VCO &  
LC VCOs (with real and ideal inductor model) 

Figure 22: Frequency v/s temperature plots for 2.45 GHz Ring VCO & LC 

VCOs 

 

Another important parameter that determines performance of an oscillator is 

the temperature. With the increase in temperature, the oscillation frequency 

decreases and this is true for all the topologies as shown by the graphs in 

Figure 22. The temperature has been varied from 0 °C to 70 °C keeping other 

parameters constant. The decrease in the carrier frequency with the increase in 

temperature is significantly less in LC VCO, for both real and ideal model L, 

as compared to Ring VCO. 
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5.5  Output power level of 2.45 GHz Ring VCO & LC VCOs (with real 
and ideal inductor model) 

 
Figure 23: Output power levels of 2.45 GHz Ring VCO & LC VCOs 

 

Topology Fundamental frequency 

(GHz) 

Output power level 

(dBm) 

Ring VCO 2.45 -14.8 

LC VCO _ideal L 2.45 -15.5 

LC VCO _real L 2.45 -25.3 

 

Table 5: Output power levels of 2.45 GHz carrier waves for different 

topologies. 

 

The output power level of the carrier wave is an important parameter for the 

whole system. For all the topologies the output power levels are found to be 

low, so amplifying stages are required. But it is found to be very low for LC 
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VCO topology when real model inductor is used. This is because of the extra 

parasitic effect in between the windings of the real inductor model. With an 

ideal model inductor, the power level is found to be -15.5 dBm which is even 

lower as compared to the ring VCO topology.  

5.6  Variation of frequency with control voltage for 5 GHz LC VCOs 
(with real and ideal inductor model) 

 
Figure 24: Frequency v/s control voltage plots for 5 GHz LC VCOs 

 

Topology Tuning range Control voltage@5 GHz 

LC VCO_ideal L 4.88-6 GHz 2.5 V 

LC VCO_real L 4.9-7 GHz 2.6 V 

 

Table 6: Tuning range variation of 5 GHz LC VCO topology with real and 

ideal model inductor. 
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With the increase in the control voltage, frequency of oscillation decreases as 

shown in the graphs. The tuning range of the LC VCO with an ideal inductor 

is found to be more than the tuning range with a real inductor when control 

varies from 0 to 3 V.  

5.7  Variation of frequency with supply voltage for 5 GHz LC VCOs 
(with real and ideal inductor model) 

 
 

Figure 25: Frequency v/s supply voltage plots for 5 GHz LC VCOs 

 

Figure 25 shows the variation of 5 GHz carrier frequency with supply voltage. 

The graphs follow a similar pattern as found for other topologies operating at 
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2.45 GHz i.e. as supply voltage increases the carrier frequency also increases. 

The carrier frequency of 5 GHz varies within 4.9-5.4 GHz for a real L and 

4.9-5.1 GHz for an ideal L, when supply voltage changes from 2 to 3.3 V. 

5.8  Variation of frequency with temperature for 5 GHz LC VCOs (with 
real and ideal inductor model) 

 

Figure 26: Frequency v/s temperature plots for 5 GHz LC VCOs 

 

The variation of carrier frequency with temperature is significantly less with a 

LC VCO architecture. When temperature varies from 0 to 70 °C the frequency 

remains almost unchanged thus making the system more stable to temperature 

variation. 
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5.9  Output Power level 5 GHz LC VCOs (with real and ideal inductor 
model) 

 
Figure 27: Output power levels of 5 GHz LC VCOs 

 

The output power level of 5 GHz LC VCO architecture with a real model L is 

found to be -27 dBm which is much smaller as compared to the power level, 

-19.8 dBm, with an ideal L. The loss in the LC tank due to the presence of 

extra parasitic in between the windings of the real model inductor accounts for 

this lower output power level. 

5.10  Comparison 

 

In this chapter various simulation results of 2.45 GHz ring/LC VCO and 5 

GHz LC VCO have been presented. And from the simulation results it can be 

stated that for a high frequency, differential cross-coupled LC VCO topology 
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would be much more suitable than a simple 3-stage ring VCO. The 

performance of the LC VCO topology is more stable to supply voltage and 

temperature variation, but there are some disadvantages with this topology. 

Firstly, the output power level of the carrier wave is very low and secondly, 

such topology offers a narrow tuning range as compared to a ring VCO. Also, 

when an integrated inductor is used, it occupies a lot of layout area on chip, 

approximately 275 x 330 µm2. On the other hand, the ring VCO topology is 

suitable to work with lower frequencies. It offers a wide tuning range and also 

the output power level of the carrier wave is higher as compared to the LC 

VCO. And due to its simple architecture, it occupies less area on chip, 

roughly calculated to be 40 x 40 µm2, which is much smaller as compared to 

LC-VCO. But the main drawback with this topology is that the performance 

of the oscillator is not very stable with the variation of the parameters like 

supply voltage and temperature. 
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6 Discussion    
 

6.1  Introduction 

 

In this chapter the results of the two presented oscillator topologies will be 

discussed and compared. 

6.2  Result Discussion 

 
From the simulation results of 2.45 GHz ring/LC VCO and 5 GHz LC VCO, 

it can be stated that for a high frequency, differential cross-coupled LC VCO 

topology would be much more suitable than a simple 3-stage ring VCO. The 

performance of the LC VCO topology is more stable to supply voltage and 

temperature variation, but there are some disadvantages with this topology. 

Firstly, the output power level of the carrier wave is very low and secondly, 

such topology offers a narrow tuning range as compared to a ring VCO. Also, 

when an integrated inductor is used, it occupies a lot of layout area on chip, 

approximately 275 x 330 µm2. On the other hand, the ring VCO topology is 
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suitable to work with lower frequencies. It offers a wide tuning range and also 

the output power level of the carrier wave is higher as compared to the LC 

VCO. And due to its simple architecture, it occupies less area on chip, 

roughly calculated to be 40 x 40 µm2, which is much smaller as compared to 

the LC-VCO. But the main drawback with this topology is that the 

performance of the oscillator is not very stable with the variation of the 

parameters like supply voltage and temperature. 

 

6.3  Method 

 

The methodology used for this work is mostly from the literature studies from 

various scientific and research papers. The system specifications have been 

decided based on ETSI standards and from previously built working products. 

The oscillator topologies have been decided from various IEEE papers and 

journals and by reading theories from the book [4]. There is no hard and fast 

rule to follow in order to optimise the transistors’ size or the components 

values. It is through simulations and some basic theoretical knowledge about 

MOS transistors and oscillators, the designs have been optimised to operate at 

the desired frequencies. The simulation results are obtained as expected and 

also confirms satisfactory performance of the oscillator circuits.  

6.4  The work in a wider perspective  

 

The work done in this project can be incorporated with other circuits and can 

be used for various radar applications like different kinds of motion sensors, 

tag detectors, heart rate monitors etc. For such applications we may need to 
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use other frequency bands and different power levels. So it would be really 

interesting to try different topologies with different permitted frequency 

bands. For this thesis work due to time limitations, it was not possible to try 

different other oscillator topologies operating at different frequencies bands.  
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7 Conclusion    
 

 

7.1  Conclusion 

 

This thesis work presents two working oscillator circuits in schematic level, a 

2.45 GHz 3-stage Ring VCO and a 5 GHz LC VCO, suitable to be merged 

with other circuits so that the whole system can be used as an integrated 

CMOS Doppler radar product. The frequencies 2.45 GHz and 5 GHz are 

found to be ideal for this task otherwise with higher frequencies, with 0.35 µm 

CMOS technology, the system may not give satisfactory performance. 

7.2  Future Work 

 
The system specification has been decided through reading different scientific 

and related research-work papers and also the designs of the oscillator have 

been presented in schematic level, not in layout. Some issues may arise in 

future when we want have an integrated product.  
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a. Will the oscillator designs be still working, as desired, in layout 

level? 

b. Are the oscillator designs compatible with other CMOS processes? 

c. Is the band chosen for the following work really suitable enough, to 

give maximum output/ results for this particular task? 

d. Can these oscillators circuits be really merged with other circuits to 

give stable performance?  

e. Can we use these oscillator circuits for other integrated Doppler 

radar applications? 

It would be really interesting to explore these issues through implementations 

in order to assure the validity of these oscillator-circuit designs.  
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