
1 

 

Digital Controlled Oscillator for Wireless 

Bluetooth Low Energy Sensor Networks 
Jessica Micaela Rodrigues Caldas 

Instituto de Telecomunicações, Instituto Superior Técnico, 

Av. Rovisco Pais 1, 1049-001 Lisboa, Portugal 

  

Abstract— Wireless communication systems are one of the 
largest growth areas in Radio-Frequency and its progress keeps 
renewing interests in new architectures and applications.  The ever-
increasing integration of what used to be stand-alone devices, such 
as cameras and radios, into single multi-functional electronic 
devices, makes autonomy increase a big challenge. 

This thesis proposes a digitally controlled oscillator (DCO) for 
2.4 GHz ISM band with significant improvement in power 
consumption, optimized frequency tuning range, very fine-tuning 
resolution and optimized phase noise performance. The circuit is 
designed using CMOS 130 nm from United Microelectronics 
Corporation (UMC) technology. The work presented is to be 
included in a frequency synthesizer which will be incorporated in a 
radio transceiver using Bluetooth Low energy (BLE) protocol, whose 
applications target low data bit-rates under very low power 
consumption.  

The DCO has a maximum frequency range of about 662.4 MHz 
covering the 2.4 GHz ISM band between 2,4 – 2,484 GHz. Its 
frequency resolution step is approximately 12 kHz. The design and 
simulation of the circuits was made with Virtuoso Design 
Environment software from Cadence. In conclusion, comparing 
with a previous prototype the proposed DCO has a power 
consumption of 0.6 mW with a 1.2 V power supply and a maximum 
phase noise of -119 dBc/Hz at 1 MHz.   

Keywords— DCO, frequency synthesizer, radio-frequency, 
Bluetooth Low-Energy. 

I. INTRODUCTION  

The work presented in this document is part of a SoC radio 
prototype. It is planned that it must contain all functions for 
transmission and reception of data packets compliant with the 
Bluetooth Low-Energy standard. The DCO is an improvement 
of the conventional voltage or current controlled oscillator. It is 
integrated in an all-digital PLL (ADPLL) which comparing to 
analog PLLs, are preferable over their analog counterparts. 
Since they are controlled with a digital tuning word, they offer 
benefits like smaller area, programmability, exhibiting better 
noise immunity and distortion reduction [1-2]. Since the DCO 
core is a conventional VCO without the digital tuning part, to 
develop and understand it, the VCO is studied to realize how it 
is possible to achieve enhanced trade-offs between key 
characteristics. 

The classical VCO crossed-coupled differential pair LC 
tank topology is widely employed, but the Class-C harmonic 
VCO, that improves the phase noise characteristics and, most 

important, the power consumption, was initially proposed in [3] 
and [4]. This topology exploits the advantages of biasing 
crossed-coupled transistors in Class-C. However, because it is 
impossible to start oscillations in Class-C, it is required to 
change the required initial Class-A or AB bias point, where 
oscillation startup is possible, to a steady state Class-C 
operation. To make Class-C VCOs robust in real applications, 
a method is necessary to relieve the startup difficulty and hence 
allow the VCO to operate in the optimal state. 

II. PHASE LOCKED LOOPS 

 The PLL is essential in most wireless application, 

radio and other electronic circuits. They are exploited for 

frequency synthesis and clock/data recovery. Comparing a 

digital PLL with an analog PLL it’s clear that many advantages 

for the former one arise. The smaller implementation area and 
less sensitivity to process variations are two of them. As digital 

circuits, the blocks implemented can be scaled down easily as 

the way of technology improves further on, making it possible 

to work with ultra-low supply voltages.  

The digital PLL exchanges the input frequency reference for 

a frequency control word (FCW), a DCO is also used instead of 

a VCO and the frequency divider is replaced by a RF counter. 

 

 

Figure 1 - Basic scheme of a digital phase locked loop. 

The DCO analog output enters the RF counter which gives 
a digital output number equal to the ratio fout fclk⁄ , where fclk is 
the low frequency clock reference. In reality, the RF counter 
counts how many RF periods fit in one clock period. Then this 
output is compared with the FCW control word, meaning that 
when the FCW digital word equals the counter output, the DCO 
is synchronized. 



III. LC TANK OSCILLATOR 

  Oscillators are key building blocks in RF transceivers 
and take much influence in the overall system, mainly due 
to phase noise. A typical oscillator circuit requires positive 
feedback around a gain stage to sustain the oscillation. The 
working principle can be studied by the Barkhausen’s 
criteria, based on a feedback system, as seen in Figure 
2Error! Reference source not found., which transfer 
function is expressed as 

X0 =
A(s)

1 − A(s)B(s)
Xi . (1) 

 

 

 

 

 

There are two-time periods that are important to consider. 
After bias turn-on, the oscillator must enter the startup regime 
where the signal increases its amplitude which reduces gain A 
of the non-linear block until it gets to the steady state regime 
where the amplitude and frequency became, ideally, time 
invariant. Without the proper startup regime, the oscillator can’t 
reach the expected working behavior in the steady state regime. 
In steady oscillation, the circuit must satisfy the Barkhausen 
criteria given by 

A(jω) ∙ B(jω) = 1. (2) 

The one-port method is another oscillator analysis 
technique. The oscillator circuit can be divided into two blocks, 
A and B, as seen in Figure 3. 

 

Figure 3 - Oscillator representation for one-port analysis method. 

Block A is composed by passive elements with a linear 
behavior. Since its components have resistive losses, it 
dissipates energy causing an amplitude exponential decay. 
Therefore, an active circuit is needed to compensate for the 
resistive losses effect. Thus, for the oscillation to be sustained, 
block B must compensate the energy lost in each period [5]. As 
a consequence, block B must contain active elements with non-
linear behavior.  

 Admitting that a crossed coupled LC will be used, 
block A is composed by an inductor and a capacitor in parallel. 
Not considering any reactive effects coming from block B, the 
resonant frequency defines the oscillation frequency which is 
given by 

ω = 
1

√LC 
. (3) 

At resonance the LC impedance is infinite. However, in 
reality, the parasitic resistance results in a loss behavior. The 
conductance losses in the passive part must be compensated by 
the negative conductance of the active part, to fulfill the startup 
conditions described as  

Re[YA + YB(ω)] < 0, (4) 

  

Im[YA + YB(ω)] ≈ 0. (4a) 

With the active circuit exhibiting an input resistance of -R 
attached across the tank to cancel the effect of R, results in an 
ideal scenario where the oscillator verifies the steady state 
condition, to sustain a stable periodic signal, given by 

[YA(V, ω) + YB(ω)] = 0. (5) 

A. Digital frequency tuning range 

The DCO output frequency is a function of the input FCW. 

fout = f(FCW) (6) 

 From equation (6) it may seem that modelling of the 
tuning characteristics is a straightforward task, but it can be a 
challenge due to parasitic capacitances and capacitance value 
dispersion. 

As said before, different frequency steps are used to 
simplify the tuning range design, fixed capacitors are often used 
for channel selection, higher ΔC, and varactors for fine tuning, 
smaller ΔC [24]. The digital control with individual capacitors 
changes equation (3) to  

fout =
1

2π√L∙∑ ∙Ck
N
k=0

.   (7) 

Being N the total number of capacitors and cK the capacity 
of every unit cell. Using different capacitors banks, it is possible 
to dynamically change the frequency resolution whenever a 
different range is expected; this way it is possible to maintain 
the same matching precision.  

Reviewed research typically uses three modes of operation 
[6-7] for finest resolution, even if two modes can also be found 
[8-9]. Usually, there exists a first operational mode which 
covers all band. The second bank covers the step capacitance of 
the first mode and finally, the third step, with the narrowest 
band range precisely controls the oscillation frequency 
resolution. 

These multi-mode operations allow the use of multiple 
capacitor banks, who work independent of each other in terms 
of component matching. One way to control a bank is using 
binary weights, where each component line is controlled by the 
supply voltage. When supply voltage is 1,2 V corresponds to 
binary ‘1’, and if voltage is 0, corresponds to binary ‘0’. 

There are two types of capacitors available in the 
technology, the metal-insulator-metal (MIMs) and the metal-
oxide-metal (MOMs). A MIM capacitor is formed horizontally 
on the oxide region, with two metal plates sandwiching a 

Figure 2 - Positive feedback system. 

 



dielectric layer parallel to the wafer surface. The other one is 
the MOM where the big difference from the MIM is the inter-
digitated multi-finger formed by multiple metal layers 
separated by inter-metal dielectric. Due to this multi-finger 
characteristic it is possible to maximize capacitance and reduce 
resistance leading to a better Q value. 

For smaller capacitance values, as will be discussed later, 
MOS based varactors stand a better choice. In this case each 
varactor is unitary weight controlled to achieve smaller 
capacitance steps.  

B. Inductor 

In this resonator an inductor is used in parallel with the 
capacitor banks. It is a passive element which can highly 
influence the performance of the resonator. 

The model used to characterize the inductor is based on a π 
network.  Thus, for a better understanding of inductor behavior, 
a differential simulation was made to obtain its equivalent 
admittance, given by equation 8 

YL = GL +  jBL =
1

rLeq

+ j 
−1

ωLeq
 . (8) 

For several values of inductor, from 1 nH to 4 nH, the 
equivalent parallel resistance and quality factor are analyzed. 
Achieving ultra-low power consumption is the main goal, thus 
it is desirable to achieve at all costs higher rLeq as possible, in 

order to reduce the oscillator load effect. Please note that 
maximizing rLeq  does not means that  QL  is maximized and, 

consequently, phase-noise minimized. But because phase-noise 
requirements are relaxed, the power consumption is more 
important. 

C. Bank of capacitors 

The perfect solution for a capacitor would require having 
low Coff capacitance, high Q and low layout area. 

Since coarse bank has wider frequency steps, binary 
weighted variation is the selected approach, rather than altering 
each unit cell. This ensures that the parasitic capacitance due to 
fringing electric fields, which is quite significant for a deep-
submicron CMOS process and is extremely difficult to control 
and model, is well rationed and matched [10]. 

The coarse cell circuit presented in Figure 5 allows good 
frequency stability and noise immunity with respect to the 
digital control line voltage [11]. These transistors are chosen to 
be as small as possible not to reduce the switches capacitive 
effect in the off state. 

The fine bank main purpose is to provide higher frequency 
resolution over a specified frequency range, therefore, smaller 
ΔC than coarse bank cell and also binary weighted. To reach 

small values of ΔC and to avoid the effect of on-resistance of 
the switches, MOS transistors are used. Although NMOS 
varactors have less parasitic capacitances, to have the same 
control logic level as coarse bank, PMOS varactors were 
chosen. In this case the Q factor and tuning ratio depend only 
on the varactors because additional components do not exist. A 
simple schematic is introduced in Figure 6. 

 

Figure 6 - Schematic of the fine bank varactor with PMOS topology. 

The last bank is unity weighted encoded mainly to achieve 
the smallest frequency step. The unit cell is composed by 
PMOS varactors to achieve the smallest values of capacitance 
possible. The thermometer bank provides the desired frequency 
resolution which brings the ratio Cmax/Cmin close to one. In a 
first approach, the circuit arrangement was the same used in the 
fine bank, but it was impossible to meet the 12 kHz frequency 
resolution specification. The minimum Con  value would go 
down to 112 aF but, due to high Coff, the tuning ratio wasn’t 
even close to one, so a finest step capacitance couldn’t be 
achievable. 

Another method to get a very fine resolution is to use the 
circuit on Figure 7. There are two pairs of transistors (M1 & 
M2 and M3 & M4) with a small difference in widths and 
opposed controlling voltages. The working mechanism controls 
the capacitance step using the difference of the two switched 
varactors. The switching process is made by small transistors 
M5 to M8, which have the minimum values (l=120 nm, 
w=160 nm). 

Figure 5 - Switched capacitor topology. 

Figure 7 - Schematic of the thermometer unity cell. 

Figure 4 - Simulation results for the inductor values 1 nH, 2 nH, 3 nH and 4 

nH; (left) – quality factor; (right) – equivalent inductor resistance. 



IV. CROSSED COUPLED 

To meet the Barkhausen criteria, one of the most prominent 
ways to produce -R is by using the crossed-coupled pair. 
Negative transconductance of the circuit is generated when the 
current flows through the transistors. The minimum negative 
conductance is acquired by the active circuit to compensate the 
losses in the LC tank circuit, in this case provided by the 
crossed-coupled differential pair [10]. In Figure 8 a crossed-
coupled NMOS, PMOS and a combination of NMOS and 
PMOS differential pairs (also called CMOS) are shown.   

In the CMOS topology, for the same bias current, the same 
current flows through both PMOS and NMOS and the available 
transconductance can be twice larger than the transconductance 
of the NMOS/PMOS topology, good for oscillation startup. 
Therefore, for the same power supply the configuration yields 
a negative resistance twice as large while the phase noise 
remains unchanged if the output amplitude is the same [12-13]. 
The total negative conductance of the CMOS can be expressed 
as 

GCMOS = −
gmp + gmn

2
. (14) 

A. Class-C 
A recent idea to reduce oscillators power consumption is to 

change the transistors bias point to Class-C when the oscillator 
reaches the steady state. If a large amplitude reduction is 
experienced, a danger that the oscillator won’t start again exits 
because Class-C small signal gain is null. The solution is to use 
a real-time control mechanism that stabilizes the steady state 
amplitude by increasing the bias point again if this appends. This 
mechanism requires a feedback circuit 

The Class-C is an improvement of the crossed-coupled LC 
VCO, a simple circuit schematic is presented in Figure 9. 
Comparing both, the Class-C VCO provides better phase noise 
performance due to its low gate-bias voltage. This design 
exploits the advantages of biasing crossed-coupled transistors in 
a Class-C condition, resulting in a more efficient generation of 
oscillation currents under Class-C operation. 

However, the Class-C needs major circuit complexity 
compared to a standard architecture, due to startup problems. 

Several designs achieve robust startup, what they all have 
in common is a mechanism that dynamically allows the change 
of an initial Vbias , when amplitude is small, to a pre-defined 
value for the optimal low power consumption. 

  
V. SIMULATION RESULTS 

A. LC tank 

The coarse bank has 4-bit binary weighted capacitors, being 
COFF,min = 265,3 fF, the capacitance with all capacitors in off 

state and CON,min= 792,7 fF, in on state. The minimum step 

capacitance is now 35 fF. 

The fine bank is controlled by 7-bit binary weighted 
capacitors, being COFF,min = 100,034 fF, the capacitance with 

all capacitors in off state and CON,min= 149,302 fF, in on state.  

 Finally, in the thermometer bank post-layout analysis 
it was verified an increase of the ΔCthermometer,min. Hence, the 

number of cells was increased to 93 unitary weighted 
capacitors. In Table 1 are presented the extracted parameters for 
different number of capacitors on, being COFF,min = 91,857 fF, 

the capacitance with all capacitors in off state and CON,min= 

92,156 fF, in on state.  

Table 1 - Extracted values of each cell, respective capacitance step and 

number of capacitors. 

 Coarse Fine Therm. 

High [F] 58,7 f 580 a 408,7 a 

Low [F] 17,1 f 347 a 405,3 a 

Δc [F] 41,6 f 232 a 3,4 a 

Number of 

capacitors 
15 255 93 

 
The LC tank post-layout analysis regarding conductance 

and susceptance, with different process corners is presented in 
Figure 10. From the following figure one can see the amount of 
negative conductance the class-C crossed coupled must have to 
accomplish oscillation. 

 

Figure 8 - Different topologies of negative resistance. 

Figure 9 – Class-C DCO circuit schematic. 

Figure 10 - Simulated results for LC tank corners post-layout conductance 

(left) and susceptance (right). 



B. Class-C crossed-coupled 

The idea of working in Class-C is basically consume less 
power in the steady-state than during start-up. This design 
method is not trivial since the conditions to sustain oscillations 
in the steady-state differ from the required ones during startup 
period. An extra circuit for changing bias conditions is needed. 
Please note that, although the oscillator bias can be changed to 
class-C during steady-state, it won’t be able to start with class-
C. For that a class-AB is usually required. 

The transistors of the crossed coupled pairs are biased to 
work always in the saturation region. The input impedance of 
the LC crossed coupled circuit is   

ZIN = −
2

𝐺mTotal
||

2

jωCtotal
, (15) 

where 𝐺mTotal =  gmn + gmp  , and Ctotal  represents all 

parallel equivalent capacitances, inductor included. It was 
necessary to find a way to reduce the loop gain when the 
oscillation is sustained to achieved lower power consumption. 
After the LC crossed coupled source current is chosen, the 
transconductance (gm) is a fixed value.  

 

Figure 11 - Simplified schematic of the DCO. 

 The crossed coupled Class-C circuit schematic is 
implemented with two resistors (R1 = R2 = 20 kΩ) and two 
capacitors ( C1 = C2 = 500 fF) from RF technology, as 
exemplified in Figure 11.  

To design the Class-C crossed coupled, it’s necessary to 
know LC tank losses. In previous Figure 10, it is determined 
that the maximum post-layout simulated value of the tank 
conductance, is 2 mS. 

The negative conductance needs to be at least -4 mS. In 
order to determine the pairs transistors size according to this 
information, the following simulation in Figure 12 was created, 
changing NMOS width (w1), PMOS width (w2), and vbias. 

From what it has been seen there are three variables to 
design the crossed coupled pairs, varying the width, the bias 
current (Itail) and the transistors bias (vbias). From Figure 12 
(left), one can assume that increasing the w1 and w2 of the 
transistors, one gets higher gm. However, the maximum width 
is restrained by their parasitic capacitances impact on the LC 
tank, which already have been provisioned during the capacitor 
banks design as 70 fF. vbias value have to be chosen in order to 
create oscillation startup. 

 

To guarantee the correct PFR, vbias = 0,4 V and IRef = 400 
mA is chosen for startup. Although it creates more capacitance 
parasitics, it’s chosen NMOS width equal to 5 μm to ensure 
enough negative gm.  

Last simulation was obtained using a fixed vbias , but as 
explained earlier a feedback mechanism is required to dynamic 
change the transistor bias after steady-state is reached. A time 
domain simulation can be performed to replicate this behavior 
even without the feedback circuit. It is possible to explore if it 
is viable to change the gate bias voltage required to reduce 
power consumption and, at the same time, secure robust startup 
oscillation. An ideal source (vpulse) is used, allowing an initial 
value (V1) to be changed to a final value (V2) after a certain 
time delay. 

 

In this transient simulation it was used the LC tank circuit 
schematic dimensioned in the previous chapter.  This transient 
analysis is performed mainly to test the output amplitude as 
well as the startup time of the oscillation. Initially the circuit 
stars with a voltage V1 to work in class-AB, after 15 μs the 
voltage is increased in V2 to work in class-C. When increasing 
to V2, with a fixed IRef the VSD tension will decrease, reducing 
the current, as observed in Figure 13. 

Is possible to conclude that less power is consumed to 
sustain the oscillation than to start. However, the time period to 

Figure 13 - Schematic class-C transient waveforms; Left- Output voltage; 

right – Consumed current; Bottom figure is equal to the upper figure, but 

here option v2=410 m is visible. 

Figure 12 - Schematic simulation results for class-c crossed coupled for 

different values of gate finger width and 𝑣𝑏𝑖𝑎𝑠; conductance (left) and 

susceptance (right). 



start oscillation with vbias = 0,4 V is superior than conventional 
crossed coupled which only takes a few ns.  

Since between V2 = 410 mV and V2 = 414 mV the output 
amplitude starts to fade, a value of V2 = 410 mV is chosen to 
be used in the final DCO circuit. 

C. Full DCO 

In this section the DCO with center frequency of 2.4 GHz 
is presented. The LC tank was implemented using three banks 
of capacitors and a differential inductor of 3,6 nH. As was 
described in Chapter 4, the coarse bank is composed by 3 bits, 
the fine bank has 7 bits, both binary weighted and the 
thermometer with 93 bits equally weighted. The crossed 
coupled pair is biased to operate in Class-C. A final capacitance 
of 332 fF is added in parallel to the LC tank. All results 
provided in this section are post-layout simulations. 

It is evident that with the class-C crossed coupled 
capacitance loading effect the center frequency tends to shift to 
lower values. A final transient simulation is made to test the 
functionality of this DCO.  

 

 The frequency range varies with different process 
corners. The nominal values are fmax= 2,732 GHz and fmin= 
2,093 GHz. The worst-case process corner, where inductor, 
capacitors and transistors have maximum values, for on and off 
state respectively, is fmin= 2,268 Ghz and fmax= 2,614 Ghz, 
comprehending the tuning band pretended (2,4 – 2485 GHz). 
Comparing to the conventional crossed coupled an oscillation 
frequency degradation is also observed. The worst-case process 
corners frequencies for the conventional crossed coupled are 
fmax= 2,63 Ghz and fmax= 2,27 Ghz. There is a decrease of 
frequencies in class-C because extra elements add parasitic 
capacitances which will influence the oscillation frequency to 
go down. 

The respective resolution for coarse, fine and thermometer 
bank are 62,4 MHz, 5,8 MHz and 20 kHz, respectively. The 
fine resolution of 12 kHz was not possible to achieve due to 
parasitics.  

The final output amplitude and current consumed is 
presented in the following figure. Although, the change 
between V1 and V2 is subtle, it exists.  

One can also conclude that is possible to increase V2 to a 
higher voltage than 410 mV because is very likely the 
oscillation be sustained after V2 and reduce the current 
consumption. 

It is also important to visualize the phase noise. Although, 
it is expected an improvement regarding phase noise 
characteristics of Class-C crossed coupled in accordance to 
papers review, more components were added to the circuit, 
increasing parasitics. Next graphic examines the post layout full 
DCO phase noise while the oscillation is in steady state. 

 

Figure 16 - Phase noise in the steady state. 

In steady state the phase noise is -119 dBc/Hz and in startup 
is -119,2 dBc/Hz. It’s visible a worse performance in the phase 
noise steady state Class-C oscillator, this is due the reduction of 
output power.  

Table 2 compares measurements results with the DCO 
previous design, with the same technology and power supply. 

 

 

 

 

 

 

Figure 15 - Extracted Class-C transient waveforms; Left- Output voltage; 

right – Consumed current. 

 

Figure 14 - Extracted simulations of worst case process corners for 

maximum frequency (left) and minimum frequency (right). 



Table 2 - Summary results and comparisons with previous DCO. 

 
Previous 

work 
This work 

Center 
frequency 

[GHz] 
2,4 2,4 

Tuning range 
[GHz] 

2,1 – 3,1 2,1 – 2,7 

Current 
consumption 

[μA] 
550 500 

Output 
amplitude 

[mV] 
452 500 

FoM [dBc/Hz] -125 -119 

Total area 90 109 

D. Layout 

In this section a detailed analysis of the banks and cells 
physical layout is presented. In the beginning of the oscillator 
design it would be impossible to get a prediction of the parasitic 
effects which would directly influence power consumption 

 Before designing the layout, some considerations have 
to be taken into account. The entire design is symmetric, and 
the three banks together must occupy the minimum area 
possible by having the best rearrangement between them.  

 Regarding metals use, for the three banks the same 
notions were applied. Although, using lower metal layers one 
gets higher parasitic capacitances, metal layer M1, is used to 
connect all ground connection and for power supply metal layer 
M2 was used.  

 In a primary layout trial using mainly lower metal 
layers to connect cells between each other it was clear the 
parallel equivalent resistance degradation. In order to reverse 
this problem higher metal layers were used. Since not 
maximizing Q is not concerning, instead having lower losses is 
desired, for capacitors bank design priority was given to use 
higher metal layers to connect vout+ and vout-. For matching 
purposes, to each bank is also added a ring of dummy cells 
around the matrix. 

In the coarse and fine bank, wider routings cause larger 
parasitic capacitances. However, equivalent parallel resistance 
had to be maximized, so larger width was used in some 
interconnections. In the thermometer bank using higher level 
metals is inevitable due to the high number of interconnections. 
There are 120 bits without even taking into account the 
dummies. Although a parasitic capacitance increase appears, 
it’s still acceptable. Also, due to the use of a great number of 
metal levels some of the cells were directly connected with 
poly1 layer.  

The total dimensions of the chip is 352 x 311 μm², an area 
of 109 mm². Although, all counterparts are presented the 
interconnections between them were not completed. 

 

 

Figure 17 – Final DCO layout. 

VI. CONCLUSIONS  

The study of ultra-low power oscillators is forthcoming, but 
as seen before to improve one characteristics some other 
requirements are jeopardized. The presented design provides 
digital control, high frequency resolution, keeping in mind 
power consumption reduction.  

During tuning range planning, three banks of capacitors 
were dimensioned.  The use of several banks helped to cover 
the desired band with frequency resolution of 12 kHz, under a 
low power consumption. The main concern about sizing the 
banks consisted in reducing the occupied area and maximize 
parallel equivalent resistance in order to reduce losses. 
Furthermore, the presented design solution allows tuning range 
adjustment by considering a fixed extra parallel capacitor. Like 
this in case final extracted parasitic capacitance exceeds 
expected value, compensation is possible. 

 Comparing the percentage increase of RC parasitic of 
each bank, 10%, 90% and 50% for coarse, fine and 
thermometer, respectively it’s certain one could trust MOM 
corner values. The 15% extra band wasn’t necessary to add. On 
the other hand, fine and thermometer bank ranges an extra 
margin of 20% and 30% was added. 

 For improved ultra-low power consumption, Class-C 
crossed coupled is proposed. Since the goal was reduce power 
consumption one had relaxed specifications concerning phase 
noise, quality factor and output amplitude. As the results show 
there is an evident decrease on the current consumption with 
Class-C operation. Still there is some degradation in the quality 
factor performance and phase noise. The oscillation starts with 
a current consumption of ≈ 9 mA and decreases to 900 μA, 



subtracting IREF, there is a total current consumption of 500 μA. 
It’s visible an inferior performance concerning phase noise 
during steady state Class-C oscillator. 

After full DCO post layout simulation with parasitic 
capacitances, a degradation of tuning range was found, 
therefore, a correction was performed by variations of some 
circuit parameters, like capacitors values to increase maximum 
frequency. Final tuning range, 2,093 – 2,732 GHz, comprises 
the band pretended, between 2,4 – 2,485 GHz with all 
dispersions and parasitic capacitances taking in count. 

The simulation results show that not all the design 
specifications are met as shown in Table 16. In summary, 109 
mm² is the total area occupied with 0,6 mW power 
consumption, phase noise of -119 dBc/Hz at 1 MHz offset. The 
finest frequency resolution obtained is about 20 kHz, higher 
than the one pretended. Cell thermometer parameters must be 
changed to find lower value of capacitance step. 

Comparing with previous DCO design there is an 
improvement in current consumption but at the cost of the phase 
noise degradation. The tuning range was optimized but the area 
increased, probably due to adding dummy’s in each bank, not 
used in the previous one. 

As future work, it is needed to design the class-C bias 
switching circuit to control the bias value to guarantee a startup 
oscillation. A study is needed to ensure that adding auxiliary 
circuitries will not negatively influence phase noise and 
efficiency improvement. Probably with the increase of parasitic 
capacitances there will be a degradation on the tuning range. 

Buffers should be added to isolate the output of the DCO 
from other circuits with high input impedance. The buffers 
extra capacitance should be considered in Cextra. 
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