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L
ow-noise oscillators are 
essential for many com-
munications systems, espe-
cially when they can main-

tain their low noise characteristics 
over wide frequency tuning ranges. 
As a boost for 2.5-GHz IEEE 802.16m 
WiMAX applications, a voltage- 
controlled oscillator (VCO) was devel-
oped with low phase noise—but also 
with low power consumption and in a 
small size. 

One key to the excellent perfor-
mance is noise filtering by means of a 
variable capacitor. The oscillator was 
implemented in a commercial semi-
conductor process from Taiwan Semiconduc-
tor Manufacturing Co. Ltd. (TSMC; www.tsmc.
com) to demonstrate its viability and perfor-
mance. Both simulations and measured results 
indicate performance that should be quite 
attractive for 2.5-GHz IEEE 802.16m WiMAX 

use, with phase noise of −104 dBc/Hz offset 100 
kHz from a 2.5-GHz carrier and −127.6 dBc/Hz 
offset 1 MHz from a 2.5-GHz carrier. 

The WiMAX standard, IEEE 802.16, was 
developed to provide broadband wireless access 
for users over long distances.1 The original wire-
less standard has been amended by the WiMAX 
IEEE 802.16m standard with orthogonal- 
frequency-division-multiple-access (OFDMA) 
capability to provide an advanced air interface 
for operation in licensed bands. For WiMAX 
IEEE 802.16m applications, 2.5 GHz is an 
important frequency band. 

The VCO is an important component build-
ing block in any wireless communications sys-
tem, including for WiMAX applications, provid-
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ing the local oscillator (LO) signals for RF/microwave mixers 
to facilitate upconversion and downconversion of signal fre-
quencies in a system. Designers of VCOs face numerous chal-
lenges and goals, including achieving low phase noise, high 
linear VCO gain (KVCO), low power consumption, and low 
cost. Because of the poor noise performance of ring oscillators 
at frequencies above 1 GHz, inductive-capacitive (LC) VCO 
designs are widely used for frequencies above 1 GHz. 

Recently, many LC VCOs were designed with goals to 
reduce phase noise. In one case, a low-phase-noise wide-
tuning-range oscillator was based on resonant-mode switch-
ing. In this design, which switches between the two resonant 
modes of a high-order LC resonator consisting of two identi-
cal LC tanks coupled by capacitor and transformer, it was 
possible to achieve 3-dB less phase noise than for a VCO with 
single LC tank.2 

In another design, researchers designed 
a resonant circuit with four p-n junction 
diode pairs, two spiral inductors, and a 
pMOS switch circuit, achieving a dra-
matic improvement in KVCO performance 
compared to a conventional oscillator.3 In 
addition, a novel resonant circuit consist-
ing of transformer-based switched vari-
able inductors and switched advanced-
CMOS (A-MOS) varactor diodes was 
proposed to realize an ultrawide-tuning-
range VCO4—in some cases, resulting in 
very low power consumption.5,6  

Semiconductor VCOs developed for 
WiMAX applications often incorporate 
cross-coupled NMOS-PMOS device pairs 
and a top current source.7 This approach 
offers the advantages of low phase noise 
with a boost in the output amplitude and 
low 1/Δf3 noise. 

To achieve improved phase-noise per-

formance, a proposed CMOS LC VCO design is shown in 
Fig. 1. It was designed without the top current source, and can 
achieve low phase noise while also maintaining low power 
consumption. The cross-coupled NMOS (M1, M2) and PMOS 
(M3, M4) transistor pairs generate negative impedance to 
compensate for the loss of the LC tank, as described in Eq. 1:
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where Zin is the input impedance, gmn is the transconduc-
tance of the NMOS device, and gmp is the transconductance 
of the PMOS device. PMOS technology offers the means of 
suppressing flicker noise and controlling current consump-
tion. The VCO resonator consists of an inductor (L), fixed 
capacitor, and A-MOS variable capacitance. The A-MOS 
technology was chosen with the intent of increasing the VCO  
tuning range.

According to an equivalent circuit of the VCO (Fig. 2), con-
ditions for oscillation can be described by Eqs. 2 and 3:
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where:
LB = the VCO inductor; 
CD = a fixed capacitor;
Cvar = a variable capacitor; 
CP = the parasitic capacitance; 
R = the resistance of the circuit; 
QB = the quality factor (Q) of the inductor; and 

QC = the Q of the capacitor. 

Part of the design challenge is to 
establish the required gm values for the 
NMOS and PMOS devices by appropri-
ate adjustment of the device weight-to- 
length (W/L) ratios. Oscillator phase 
noise depends a great deal on the Q of 
the tank circuit used for a particular 
oscillator. As a result, improved phase  
noise requires careful attention to the 
tank circuit. 

A VCO’s phase noise stems from pas-
sive components and MOS active devic-
es in the oscillator circuit; VCO phase 
noise, of course, can impact the sensitiv-
ity of an RF/microwave receiver. Leeson’s  
equation has often been used to analyze 
and optimize the phase-noise perfor-
mance of VCOs and other oscillators, 
and its expression can be shown by means 
of Eq. 4:
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where:

Q = the quality factor; 
F = the noise factor; 
k = Boltzmann’s constant; 
T = the thermodynamic temperature; 
Psig = the signal power produced by the VCO; 
w0 = the oscillation frequency of the VCO; 
Δw = the frequency offset; and 
Δw1/f3 = the inflection frequency between 1/f3 and 1/f2. 

According to Leeson’s equation, a high Q yields low phase 
noise. Figure 3 offers simulated Q values for different sizes of 
standard and symmetric-mode octagonal inductors at 2.5 GHz. 
An inductor with high Q was chosen for the 2.5-GHz VCO. 

Third-order and higher-order harmonic signals from the 
LC resonator are at low levels that can be considered negligible; 
the even harmonics flow in a common-mode path through the 

active devices in the VCO circuit. Because of this, the effects 
of the second-harmonic signals, which contribute to oscillator 
phase noise, must be taken into account. A traditional method 
of filtering involves placing a large-valued shunt capacitance 
parallel to the grounded MOS devices. But if this large value for 
the shunt capacitor is not carefully chosen, it can lead to self-
modulation effects. 

The filtering technique used for the proposed VCO involved 
an inductor and variable capacitors. Figure 4 shows the proposed 
VCO and the filtering technique. The capacitance value of the 
variable capacitors (Cvar) can be set to an appropriate value when 
the oscillation frequency is changed. To maintain high Q for the 
resonator, L2 = L1 and C1 + Cvar/2 = 4(C2 + Cvar/2).  

The proposed VCO schematic and layout was designed and 
simulated with Cadence Spectre SPICE-based circuit simulator 
from Cadence Design Systems and fabricated with TSMC’s 0.18-
μm 1P6M silicon CMOS process for use with a +1.6-VDC volt-
age supply. Figure 5 shows the physical layout of the VCO, with 
a core integrated-circuit (IC) layout size of 997.8 × 337.6 μm2.

Figure 6 displays post-layout-simulation results (the dashed 
curve) for the VCO’s frequency tuning range and for the VCO 
gain, KVCO (the curve denoted by x), with a frequency tuning 

range of 2.4 to 2.6 GHz. Ideally, 
KVCO should remain constant 
throughout the frequency tun-
ing range of the VCO, although 
these simulations show that the 
value of KVCO for this proposed 
VCO design varies somewhat 
(from 0.1 to 0.2) across the tun-
ing range. This is due to the fact 
that the A-MOS variable capaci-
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“
A VCO’s phase noise stems from passive components and MOS  
active devices in the oscillator circuit; VCO phase noise, of course,  

can impact the sensitivity of an RF/microwave receiver.”

5. This is an image of 

the layout for the low-

noise VCO circuit. 

6. These plots present post-layout-simulation results for tuning range 

and KVCO for the proposed VCO. 

7. These curves show the phase noise levels for the circuit-schematic 

and layout versions of the proposed VCO. 
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WiMAX VCO

tor is not strictly linear in 
its changes of capacitance 
with voltage, resulting in 
nonlinear variations in the 
VCO’s tuning characteristics. 

Figure 7 shows the phase noise of 
the VCO for the schematic-circuit and 
post-layout simulations. The post-layout 
simulation predicts phase noise of −104 
dBc/Hz offset 100 kHz from a 2.5-GHz 
carrier and −127.6 dBc/Hz offset 1 MHz 
from the same carrier (the dashed curve). 
Parasitic circuit elements will degrade the 
phase-noise performance of the LC VCO, 
so the circuit layout should be carefully 
designed and implemented. 

To characterize and compare the 
performance of the proposed VCO 
with previously published oscillators, a 
widely used figure of merit (FOM)7-11 as 
described in Eq. 5 was applied (see above).

where:
L(Δf) = the VCO phase noise; 
Δf = the offset frequency; 
f0 = the carrier frequency; and 
PDC = the DC power consumption. 

According to Eq. 5, the FOM phase 
noise for the proposed VCO design is 
−186.4 dBc/Hz. The table offers a com-
parison of the proposed VCO to different 
recent VCO designs. The phase noise of 
the proposed VCO is lower than values 
from numerous published reports7-11 
while, at the same time, operating with 
lower power consumption, better FOM, 
and small semiconductor chip area. 

Based on TSMC’s 0.18-μm CMOS pro-
cess, the VCO draws only 8.24 mW power 

from a +1.6-VDC supply with a layout 
measuring 997.8 × 337.6 μm2. It offers 
many of the characteristics well suited for 
WiMAX IEEE 802.16m applications. 
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COMPARING THE PROPOSED VCO  
WITH PREVIOUS WORKS

Reference Process 
(μm)

Frequency 
(GHz)

Phase noise  
(dBc/Hz at 1 MHz)

Core 
PDC 

(mW)
FOM

7 0.18 5.1 - 5.36 –121.5 13 –192.1

8 0.18 1.96 ~ 3.48 –118.3 14.4 –190

9 0.13 3.4 ~ 3.6 –122 6.72 –184.6

10 0.18 5.4 –115.62 2.26 –187

11 0.18 4.8 –117 4.6 –192

This work 0.18 2.5 –127.6 8.24 –186.4

Defense Electronics serves electronic design 
engineers working in defense and aerospace 
markets with the latest technology-based news, 
design, and product information. It reviews 
the latest advances in electronics technologies 
related to military and aerospace electronic 
systems, from the device and component 
levels through the system level, also covering 
the latest developments in the software needed 
to simulate those defense/aerospace systems 
and the test equipment needed to analyze and 
maintain them. It is the industry’s most trusted 
source of technical information for electronic 
engineers involved in military/aerospace circuit 
and system design.

W H E R E  E N G I N E E R I N G  C O M E S  F I R S T 

WE SUPPORT 
THE DESIGN 
PROCESS 
FROM INTENT 
TO ACTION

A Special Section to  
PENTON’S DESIGN ENGINEERING & SOURCING GROUP

GO TO DEFENSEELECTRONICSMAG.COM

S1

defenseelectronicsmag.com 

RADAR MADE SMALLER isn’t 

a slogan for SpotterRF (www.

spotterrf.com), although it 

certainly could be. This innovative 

company has developed a number of 

compact radar systems that can literally 

be hauled around in a backpack—then set 

up in minutes to establish a surveillance 

barrier around any desired perimeter. 

This small but technologically agile firm 

is bringing radar technology to a wider 

group of users (spanning commercial, 

military, and industrial markets) than  

ever before. 
Control and access are enabled through 

a standard laptop computer, tablet, or 

smartphone, and with the low-power 

radar system running on a recharge-

able battery. Whether a SpotterRF radar 

system becomes a standard part of a 

residence’s surveillance/security system 

has yet to be seen but, for small forces  

needing agility and looking for an  

electronic edge, these portable radar sys-

tems are quickly becoming more neces-

sity than accessory. 

SpotterRF has been issued patent No. 

7755533 for its technology—specifical-

ly, for the use of a switched-beam radar 

device to measure the three-dimensional 

(3D) position of an object without need 

of more expensive phased-array antennas 

(see Microwaves & RF, June 2013, p. 43; 

A COLLABORATIVE EFFORT 

between aircraft manufacturer 

Airbus (www.airbus.com) 

and device manufacturer ON 

Semiconductor (www.onsemi.

com) has led to the development 

of a complex Application Specific 

Integrated Circuit (ASIC) for 

the A350 XWB Flight Control 

Computer. The custom silicon 

device, code-named JEKYLL, was 

designed using ON Semiconductor’s 

internal 110-nm semiconductor 

process technology and 

manufactured at the firm’s Gresham, 

OR facility. The project represents a 

successful collaboration that extends 

from the feasibility stage to the 

delivery of first-time-right prototype 

ASICs and on-time transfer of the 

prototype design to full production. 

Suitable for flight-critical aero-

space applications, the ASIC was 

designed in compliance with D0-254 

aerospace needs and to meet Airbus’ 

demanding reliability requirements. 

The device provides optimized 

performance for the Flight Control 

Primary Computer on the A350 

XWB. According to Vince Hopkin, 

Vice President of ON Semiconduc-

tor Mil/Aero, Digital, Foundry, IPD, 

and Image Sensor products division, 

“This successful complex ASIC 

development is the result of a strong 

and detailed collaboration between 

Airbus and ON Semiconductor, and 

(continued on p. 26)
(continued on p. 8)

Smaller-scale  
surveillance p|20

Radiation-resistant  

SPDT switches p|32

Lead-free RoHS  

designs p|14
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PORTABLE RADARS 
Bring Surveillance Where Needed

JACK BROWNE | Technical Contributor

1. A Radar Backpack Kit 

contains all the equipment 

needed to erect a working, 

battery-powered X-band 

surveillance radar system 

capable of providing a  

secure perimeter. 
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