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 

Abstract— A dual band and low phase noise Ku-band 

voltage-controlled oscillator (VCO) using 180 nm CMOS 

technology is presented in this brief. The proposed VCO employs a 

switched notch filter that can operate in the low and high band 

depends on the state of nmos transistor and has a quality factor 

that is higher than that of a conventional inductor-capacitor (LC) 

resonator. The proposed resonator doubles the quality factor 

compared to LC in the technology and reduces the total die area. 

The first band is realized by the switched interdigital resonator 

when nmos transistor is in the off state. Furthermore, the second 

band is realized by turning nmos transistor to the on state which is 

located between two fingers in the proposed resonator. The chip is 

implemented in 180nm CMOS technology, and found that the 

proposed VCO operates from 15.5 ~ 16.7Hz (low band) and 16.6 ~ 

17.4 GHz (high band). At 1.8 V power supply, the power 

consumption of the oscillator core is 5.4mW and 7.2mW in the low 

and high-frequency bands respectively. The measured phase noise 

is -107 dBc/Hz at 1MHz offset from 16.7 GHz carrier frequency. 

Index Terms— CMOS; dual-band; Ku-band; notch filter; 

switched interdigital resonator; Voltage Controlled Oscillator. 

I. INTRODUCTION 

HE voltage-controlled oscillator (VCO) is one of the most 

important circuit blocks of the transmitter and the receiver 

front-end. The phase noise and frequency tuning range are 

the most essential design criteria; low power consumption, ease 

of system integration, and output power are other important 

considerations for VCOs design. To achieve these design 

criteria, the challenge is in designing high-quality factor LC 
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tank circuit. The design of multiband or wideband RF front-ends 

on higher frequency bands is required for multifunction 

services. There are several design methods for dual-band VCO 

which provides an agile reconfiguration between dual bands. 

These methods include multi-core oscillators [1], variable 

inductors using switches to eliminate part of inductor [2-3], and 

switched capacitors [4-5]. However, these techniques suffer 

from the needed large area for the resonator. The design of 

dual-band VCOs introduces a considerable challenge because of 

the simultaneous requirements for wide frequency range, low 

phase noise and low power consumption. In the techniques of 

using switched LC tank circuit (inductors or capacitors), series 

MOSFET transistors (NMOS or PMOS) are used, the turn-on 

resistance of switches can cause the degradation of the quality 

factor of LC tank circuit and, consequently, the oscillator’s 

phase noise. There are other techniques that used to achieve dual 

band VCO, for example, [6] use frequency doubler, together 

with the inductor of the low-band LC VCO and this method 

adds additional part (frequency doubler). Another method is to 

use two identical LC tanks coupled by capacitor and transformer 

to double the frequency tuning range [7] and this requires two 

inductors and two capacitors which lead to large area compared 

to the proposed single resonator VCO. Improving the phase 

noise is crucial in the oscillator’s design and can be achieved 

using different ways for instance, using feedback capacitors to 

increase gm, improving the quality factor LC circuit and tail 

band pass filter at the second harmonic of the oscillation 

frequency [8-9]. 

To design a single band VCO, LC tank resonator is usually 

employed, and loading of capacitor or varactor, which is 

essential to realize turning range, leads to decrease the loaded 

quality (Q-)factor of the LC-tank resonator. In this work, first 

instead of using LC tank resonator for a single band VCO, we 

employed a notch filter which has sharp skirt characteristic and 

lower bandwidth, which makes the Q-factor of the proposed 

resonator higher (almost double) than that of an LC tank 

resonator. Also, the proposed notch filter is switched that makes 

VCO operates in two band.  

II. CIRCUIT DESIGN 

Fig. 1 illustrates the schematic of the proposed dual-band 

VCO. It consists of a cross-coupled NMOS pair (M1-M2), a 

cross-coupled PMOS (M3-M4) gm cell to improve the phase 

noise, a switched interdigital resonator with NMOS transistor to 

act as a switch and the interdigital resonator works as narrow 

band stop filter and it resonant frequency is controlled by the 

 Islam Mansour, Mohamed Aboualalaa,  Ahmed Allam, Adel B. Abdel-Rahman, Mohammed 

Abo-Zahhad, and Ramesh K. Pokharel 

Dual Band VCO based on High Quality factor 

Switched Interdigital Resonator for Ku band 

using 180 nm CMOS Technology     

T 



1549-7747 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TCSII.2018.2817499, IEEE
Transactions on Circuits and Systems II: Express Briefs

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

  

NMOS transistor, junction varactor capacitor Cv for frequency 

tuning extension, a feedback capacitor (C1) to increase the 

negative transconductance, and a LC tank circuit (C2, L2) that 

works as current source and operates at 2ωosc to eliminate the 

second harmonic and enhances the phase noise, where ωosc is the 

operating frequency. The switch in the interdigital resonator is 

used to select which band the VCO will operate whereas the 

control voltage VControl is used to fine tune the oscillation 

frequency at the high/low-frequency band. An inductor loaded 

common source configuration (MBUF, LBUF) used as an output 

buffer driving a 50 ohms impedance. 

Due to the U-shape of the resonator and interdigital capacitors 

realized between the arms of U-shape, the overall size of the 

proposed resonator is reduced compared to the LC-tank 

resonator so that overall chip size is smaller than other reported 

VCOs in the same technology. Therefore, the proposed VCO 

has an area efficiency and achieves wide frequency tuning range 

compared to other published designs as it can operate in two 

bands using the same gm cell and LC tank circuit by adjusting 

the Vsw value. the phase noise enhances by improving the 

performance of LC tank circuit (notch filter) as the implemented 

notch filter doubles the quality factor. 

 

Fig. 1. Schematic of the dual-band VCO based on the switched resonator. 

A. Switched Interdigital Resonator 

A spiral inductor usually encounters a self-resonance at 

K-band or higher, therefore VCO design at K-band or beyond is 

very challenging. The proposed method employs a resonator 

where the resonance frequency is based on the length of the 

resonator, therefore the proposed method alleviates the above 

problem of self-resonance, and gives an alternative design 

approach of VCO at K-band and beyond. The proposed 

switched interdigital resonator consists of U-shape inductor, 

interdigital capacitor and NMOS transistor that acts as (off/on) 

switch by adjusting the gate voltage. Both the U shape inductor 

and interdigital capacitor are implemented in top metal layer M6 

because it has the smallest sheet resistance.  
Starting by the U shape inductor and its performance is made 

using a 2.5D simulator (momentum ADS). From the 

S-parameters the equivalent circuit of the proposed inductor and 

this circuit consists of an inductor (Ls) in series with resistor (Rs) 

that represents loss, this combination in parallel with coupling 

capacitor (Cp) and the substrate loss in the form of Cox, Rsi, and 

Csi [9]. Fig.2 illustrates the U shape inductor, its equivalent 

circuit and the current distribution at 16 GHz, the area of U 

shape inductor is 0.012 mm2. The differential inductance and 

quality factor of the U shape inductor are calculated using the 

following expressions and those values are shown in Fig.3. 

 

  
(a)U shape inductor               (b) Equivalent circuit of U shape inductor 

 
(c) Current distribution of U shape at 16 GHz  

Fig. 2. U shape inductor, its equivalent circuit and current distribution at 16GHz, 
Ls=0.16nH, Rs=0.6Ω, COX=30fF, Csi=1.8fF, Rsi=1.3KΩ. 

 
Fig. 3. Inductance and quality factor of U shape inductor.  

The switched interdigital resonator consists of U-shape 

inductor, finger capacitor that has better quality factor compared 

to the MIM capacitor and NMOS transistor as shown in Fig.4. 

Also, the equivalent circuit and the current distribution of the 

interdigital resonator at 16 GHz where the current is focused on 

the corners are shown in Fig.4. The equivalent circuit of 

interdigital resonator is the same as the U shape inductor in 

addition to the finger capacitor (Cf) and the nmos transistor 

(Msw) that acts as a switch and controlled by its gate voltage Vsw.    

The benefits of proposed switched interdigital resonator are 

not only it has a small size which is 0.015 mm2 compared to the 

size of conventional LC (L=0.16nH and C=38fF) circuit which 

is 0.056 mm2 but also it acts as notch filter with high quality 

factor (QResonator) that reaches 2.06 while the conventional one 

has a quality (QConventional) of 1.01 so the proposed resonator 

improves the quality factor by 100% compared to the LC from 

the technology (where the quality factor is the ratio between the 

center frequency and the 3dB bandwidth) and the high Q of 

interdigital resonator is due to a low resistance in series with the 

inductor. The proposed resonator can work in two different 
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frequencies depending on the value of Vsw, when Vsw equals 0 or 

2V, it works at low or high frequency band, respectively and its 

response is illustrated in Fig.5. The resonance frequency of 

proposed notch filter is 68GHz and 88GHz in the low and high 

frequency band, respectively while the VCO oscillates at 

Ku-band and this because of the oscillation frequency is 

determined by interdigital resonator, varactor capacitance, drain 

parasitic capacitance and buffer input capacitance. 

                
(a) Switched interdigital resonator        (b) Equivalent circuit of resonator 

 
(c) Current distribution of interdigital resonator at 16 GHz  

Fig. 4.  Interdigital resonator, its equivalent circuit and its current distribution at 

16 GHz, Cf=38fF, Msw(W/L)=96µm/0.18µm, Vsw= 0V or 2V. 

 
(a)The response of proposed resonator and LC circuit from the technology. 

 
 (b)The performance of proposed resonator at the high and low mode 

Fig. 5. Comparison between conventional LC and implemented interdigital 

resonator and its response when Vsw= 0 and 2V. 

b. VCO analysis 

The equivalent circuit model of the oscillator is cleared in 

Fig. 6(a), the symmetric resonator is represented by Lres, Cres and 

Rs is used to represent the loss in interdigital resonator. 

Varactors for frequency tuning are modeled with capacitor Cv in 

series with a resistor Rv. The total parasitic capacitance of the 

MOS transistors (NMOS and PMOS) are represented by CNMOS 

and CPMOS, and gm and g0 are small transconductance and output 

conductance of the transistors, respectively. From Fig.6, the 

tank inductance Ltank , tank capacitance Ctank , the tank loss gtank 

and effective negative conductance –gactive are given by: 

 

     

Where gres and gv are the effective parallel conductance of the 

resonator and varactors, respectively.  

The oscillation frequency is determined by the value of the 

inductance and capacitance of tank circuit as described in the 

following equation. 

 
Taking the effect of parasitic inductance and capacitance in 

the oscillation frequency is crucial especially in the 

high frequency. In the proposed VCO, the interdigital resonator, 

the inductors, and all the all transmission lines have been 

designed and characterized separately using ADS Momentum 

electromagnetic simulator then added as S-parameters block in 

the ADS simulator to take their parasitic components into 

consideration and not effect on the oscillation frequency. Fig.6 

(b) shows the percentage of phase noise contributed from 

different sources when the oscillation frequency is 16 GHz.  

 
  (a)Equivalent model of proposed VCO.        (b) Phase noise contribution 
Fig. 6. Equivalent oscillator model and contribution of the phase noise at 16 GHz. 

III. IMPLEMENTATION AND EXPERIMENTAL 

RESULTS 

The proposed VCO is fabricated in 180nm CMOS 

technology.  The chip micrograph is shown in Fig.7. The total 

chip area is 0.68 × 0.5 mm2 including the two output buffers, DC 

pads and output pads, while the active area of VCO core only is 

0.16 × 0.4 mm2. The DC power consumption of the proposed 

VCO excluding output buffers is 5.4mW and 7.2mW from a 

supply voltage of 1.8 V in the low and high frequency band, 

respectively based on the status of Vsw is low or high voltage, 

while the two output buffers consume 5mA from a 1.8V supply. 

The measured frequency tuning ranges are shown in Fig. 8, the 

measured oscillation frequency varies from 15.5–16.7GHz 

(7.5%) and 16.6–17.4GHz (4.7%) when Vsw=0 and 2V, 
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respectively. As clear the rate the oscillation frequency changes 

with the control voltage is 0.4GHz/V and 0.3GHz/V in the low 

and high frequency band, respectively. The output power 

driving a 50Ω load is shown in Fig.9 when Vsw is 0 and 2V. 

 

Fig. 7. Die photograph of the proposed VCO. 

 

 
Fig. 8. Measured frequency tuning range of dual band VCO when Vsw=0V and 

Vsw=2V.  

The phase noise of the VCO at 1MHz offset is illustrated in 

Fig. 10, when Vsw = 0 and 2V, the phase noise is approximately 

-108 and -106 dBc/Hz, respectively. The phase noise degrades 

by 2 dB between two bands and this because of the quality factor 

of the notch filter in the high band which is 1.7 (Vsw=2V) is 

lower than the one which is 2 in the low band (Vsw=0V). This 

reduction in the phase noise and the power dissipated of the 

VCO core is 5.4mW and 7.2mW in the low and high frequency 

band, respectively lead to about 3 dB degradation in FoM 

between the low and high band. The measured and simulated 

phase noise at 1MHz offset is plotted in Fig.11. There is about 

1.5 dB difference between the measured and simulated phase 

noise and this due to the losses of cables which are maximum at 

Ku frequency band and another reason is the noisy DC power 

used in the measurement while the simulation uses an ideal and 

pure DC power supply. The measured PN at 1MHz offset 

changes from -105.9 dBc/Hz to -107 dBc/Hz and from -104.8 

dBc/Hz to -105.6 dBc/Hz in the low and high frequency band, 

respectively. The measured FoM, FoMT and FoMA when the 

oscillation frequency is 16.7 GHz are 185dBc/Hz, 182dBc/Hz 

and 189.7dBc/Hz, respectively, while the simulated one is 

186.5dBc/Hz, 183.5dBc/Hz and 191dBc/Hz at the same 

oscillation frequency. 

 
(a)Output power (dBm) when Vsw=0V 

 
(b) Output power (dBm) when Vsw=2V 

Fig. 9. Output power of the dual band VCO when Vsw=0V and Vsw=2V.  

 
Fig.10. Phase noise of the dual band VCO when Vsw=0V and Vsw=2V. 

 
Fig. 11. Measured and simulated phase noise of the proposed VCO. 

Fig.12 illustrates the measured RF output spectrum plot and 

the phase noise plot of the proposed VCO when the oscillation 

frequency equal to 16.7GHz.  The measured output power when 

ΔVcontrol = 0.2V 

ΔFosc=0.08GHz 

ΔVcontrol = 0.2V 

ΔFosc=0.06GHz 
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the oscillation frequency 16.77 GHz is -10 dBm after 

calibration as there is about 6 dB loss. From the phase noise 

spectrum, the measured phase noise is -79, -107 and 

-127dBc/Hz at 100KHz, 1MHz and 10MHz offset. The 1/f 

corner frequency and1/f3corner frequency are 0.6MHz and 

95KHz, respectively. 
 

 
(a)Output power at 16.7GHz 

    

(b) Phase noise at frequency 16.7GHz. 

Fig. 12. Output power spectrum and phase noise plot of the proposed VCO. 

The proposed switched interdigital resonator VCO shows 

better or comparable performances in the ever – reported VCOs 

implemented using 180nm CMOS technology concerning 

frequency tuning range, phase noise, power consumption, area, 

FoM, FoMT and FoMA, as illustrated in Table I.       

IV. CONCLUSION  

A switched interdigital resonator VCO using 180nm CMOS 

technology is presented in this paper. The proposed notch filter 

diminishes the chip area, achieves wide frequency tuning range 

and enhances the phase noise. The VCO has a small area of 0.34 

mm2 and exhibits dual band tuning range low band 

15.5–16.7GHz (7.5%) and high band 16.6–17.4GHz (4.7%). 

The measured phase noise at 1MHz offset frequency from the 

carrier 16.7GHz is -107 dBc/Hz. The proposed VCO achieves 

FoMA of 189.7 dBc/Hz and 186.7 dBc/Hz in the low and high 

frequency, respectively. 
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TABLE I. 

Performance comparison of VCOs implemented in 180nm CMOS technology 

Ref  Fre. TR VDD PDC PN Area FoM FoMT FoMA 

[1] 7.4 

24  

7.1 

7.8 

1.5 

1.5 

7.5 

9.7 

-112 

-100 

0.67 180 

178 

177 

175 

181.7 

179.3 

[11]  24.2 2.2 0.65 7.8 -100 0.42 179 165.6 182.7 

[12] 25 2.4 1.5 13.2 -104 0.4 180 167.6 183.9 

[13] 15 

30 

1.6 

1.6 

2 

2 

52 

52 

-112 

-104 

1.1 179 

177 

162 

160 

178.1 

176.3 

This 16.1  

17 

7.5 

4.7 

1.8 

1.8 

5.4 

7.2 

-107 

-105 

0.34 185 

182 

182 

175 

189.7 

186.7 

FoM = PN + 20 log (ω0/ Δω) – 10 log(PDC(1mW)), FoMT = FoM + 20log(TR/10) 
and FoMA = FoM – 10log(Area(mm2)).  

Fre: GHz, PN @1MHz,VDD : V, PDC : mW,  PN, FoM, FoMT and FoMA in dBc/Hz 

Area is the total area which the area of VCO core and the output buffers in mm2. 
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