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Abstract

The stable growth in wireless communications market has engendered the interoperability of
various standards in a single broadband frequency range from hundred MHz up to several
GHz. This frequency range consists of various wireless applications such as GSM, Bluetooth
and WLAN. Therefore, an agile wireless system needs smart RF front-ends for functioning
properly in such a crowded spectrum. As a result, the demand for multi-standard RF
transceivers which put various wireless and cordless phone standards together in one structure
was increased. The demand for multi-standard RF transceivers gives a key role to
reconfigurable wideband VCO operation with low-power and low-phase noise characteristics.
Besides agility and intelligence, such a communication system (GSM, WLAN, Global
Positioning Systems, etc. ) required meeting the requirements of several standards in a cost-
effective way. This, when cost and integration are the major concerns, leads to the

exploitation of Si-based technologies.

In this thesis, an integrated 2.2-5.7GHz Multi-band differential LC VCO for Multi-
standard Wireless Communication systems was designed utilizing 0.35um SiGe BiCMOS
technology. The topology, which combines the switching inductors and capacitors together in
the same circuit, is a novel approach for wideband VCOs. Based on the post layout simulation
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results, the VCO can be tuned using a DC voltage of 0 to 3.3V for 5 different frequency bands
(2.27-2.51 GHz, 2.48-2.78GHz, 3.22-3.53GHz, 3.48-3.91GHz and 4.528-5.7GHz) with a
maximum bandwidth of 1.36GHz and a minimum bandwidth of 300MHz. The designed and
simulated VCO can generate a differential output power between 0.992 dBm and -6.087 dBm
with an average power consumption of 44.21mW including the buffers. The average second
and third harmonics level were obtained as -37.21 dBm and -47.6 dBm, respectively. The
phase noise between -110.45 and -122.5 dBc/Hz, that was simulated at 1 MHz offset, can be
obtained through the frequency of interest. Additionally, the figure of merit (FOM), that
includes all important parameters such as the phase noise, the power consumption and the
ratio of the operating frequency to the offset frequency, is between -176.48 and -181.16 and
comparable or better than the ones with the other current VCOs. The main advantage of this
study in comparison with the other VCOs, is covering 5 frequency bands starting from 2.27

up to 5.76 GHz without FOM and area abandonment.



0.35 pm SiGe-BiCMOS TEKNOLOJISI KULLANILARAK COKLU BAND
UYGULAMALARI iCiN GERILIM KONTROLLU OSILATOR DEVRESININ
GERCEKLENMESI

Ahmet Kemal BAKKALOGLU

EE, Master Tezi, 2008

Tez Danismani: Dog. Dr. Yasar GURBUZ

Anahtar Kelimeler: Gerilim kontrollii osilatér (VCO), ¢cok bandli ve ¢ok standardli alici
vericiler, faz gliriiltiisii, genis band gerilim kontrollii osilator

Ozet

Kablosuz iletisim piyasasindaki biiyiime, 100 MHz’lerden GHz’lere kadar uzanan genis
frekans bandinda c¢alisan standardlarida beraberinde getirdi. Bu frekans bandindaki
uygulamalardan bazilari; GSM, Bluetooth ve WLAN’dir. Kablosuz sistemlerin bdylesine
karmagik spektrumlarda ¢alisabilmesi icin akilli RF devrelerine ihtiya¢ vardir. Bunun sonucu
olarak bircok standartta caligsabilen ve bunlari tek yapida toplamis radyo frekansinda devrelere
ihtiyag artmistir. En ¢ekici rf bloklarindan biri olan dar bandli osilatér devreleri yerini ¢ok
bandli devrelere birakmistir. Cok standartli alic1 verici devreleri diisiik gii¢ tiiketimli, diistik
faz giiriiltiilii ve yapilandirilabilir osilatorlere kritik bir rol vermistir. Bunun yani sira sistemin
maliyet acisindan da efektif olmasi gerekmektedir. Maliyet ve entegrasyon séz konusu
oldugunda Silikon tabanli teknolojiler 6n plana ¢ikmaktadir. Heterojen bipolar transistorlerin
(HBT), CMOS ve pasif elemanlarin entegrasyonundaki rahatlik da bu teknolojinin

avantajlarindandir.

Bu tezde, 2,2-5,7 GHz frekans araliginda calisabilen ¢ok kanalli diferansiyel LC gerilim
kontrollii osilator devresi (0.35 pm SiGe-BiCMOS teknolojisi kullanilarak) tasarlanmistir.
Ayn1 topoloji igerisinde endiiktans ve kapasitans anahtarlama, genis bandli osilator
devrelerinde yeni bir yaklasimdir. Devrenin serim sonrast sonuglarinda, bes farkli frekans

band araliginda (2.27-2.51 GHz, 2.48-2.78GHz, 3.22-3.53GHz, 3.48-3.91GHz ve 4.528-

Vi



5.7GHz) maksimum 1.36 GHz ve minimum 300MHz band genisliginde calistig
gozlemlenmistir. Devre, 0.992 dBm ve -6.087 dBm arasinda degisen diferansiyel ¢ikis giiciine
sahiptir. Ayrica, buffer kat1 da dahil olmak {izere ortalama 44.21 mW gii¢ tiiketimi vardir. Faz
giiriiltiisii degerleri 1 MHz offset frekansinda, secilen frekans bandina gore -110.45 den -
122.5 dBc/Hz ’e kadar degismektedir. Bunun yaninda osilatdr i¢in en onemli parametreleri
icinde bulunduran figure of merit (FOM), kiyaslanan osilatorlerle hemen hemen ayni veya
daha iyi bulunmustur. Bu caligmay1 6ne ¢ikaran en 6nemli faktoér alan ve FOM ‘den taviz

vermeksizin bes farkli frekans bandinda ¢alisabilen bir yapt olmasidir.
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CHAPTER 1 INTRODUCTION

1.1 The briefing on the Wireless LAN Standards

The fastest growing segment of the semiconductor industry has been the wireless
communication market in the recent years. For the indoor access, wireless local area networks
(WLANSs) have been introduced as a set of standards to provide a simple and flexible way for
people plugging into a network. IEEE 802.11 is a set of standards for wireless local area
network (WLAN) computer communication, developed by the IEEE LAN/MAN Standards
Committee (IEEE 802) in the 5 GHz and 2.4 GHz public spectrum bands. Furthermore, IEEE
developed a new standard called Wireless Metropolitan area networks (WMANSs) for urban
area coverage wireless access [1]. IEEE 802.16 WMANSs standard uses frequency band from
2 to 11 GHz. The following sections include brief information about IEEE frequency bands

which are widely used in wireless communication.

1.1.1 IEEE 802.11a

IEEE 802.11a devices and many wireless devices use Unlicensed National Information
Infrastructure (U-NII) band which operates around 5 GHz. In comparison with 802.11b, it
employs a different multiplexing technique: orthogonal frequency division multiplexing
(OFDM). The OFDM system uses parallel subcarriers to transmit and receive a single data
stream [2,4]. In 802.11a [4], each channel contains 52 sub-carriers as 48 data carriers and 4

pilot carriers.

U-NII band includes three subbands: U-NII lower sub-band, from 5.15 GHz to 5.25 GHz; U-
NII middle sub-band, from 5.25 to 5.35 GHz; and U-NII upper band, from 5.725 to 5.825
GHz. The lower and middle U-NII sub-bands accommodate eight channels in a single band
with a total bandwidth of 200 MHz. The upper U-NII band accommodates four channels in a
100-MHz bandwidth. The channel frequency spacing is 20 MHz and the occupied channel
bandwidth is 16.6 MHz. The U-NII bands with channel locations are shown in Figure 1.


http://en.wikipedia.org/wiki/Wireless_LAN
http://en.wikipedia.org/wiki/Wireless_LAN
http://en.wikipedia.org/wiki/Institute_of_Electrical_and_Electronics_Engineers
http://en.wikipedia.org/wiki/IEEE_802
http://en.wikipedia.org/wiki/GHz
http://en.wikipedia.org/wiki/GHz

Lower and Middle U-NII Bands: 8 Carriers in 200 MHz /20 MHz Spacing
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Upper U-IIl Bands: 4 Carriers in 100MMHz / 20MMHz Spacing

20MH= 20MH=

VIO

5715 5745 5Tes 5TBS  5BOS 5815
Upper Band Edge Lower Band Edge

Figure 1 802.11a OFDM system channel frequency locations|4]

1.1.2 IEEE 802.11b

In USA (FCC) and Europe (ETSI), the operating frequency band for 802.11b is in the range
of 2.4-2.4835 GHz. Additionally, it is allocated by the regulative authority of Japan as 2.471—
2.497 GHz. For high data rate channels in the USA, three channels centered at 2412, 2437 and
2462 MHz have been allocated. The channel spacing is 25 MHz and null-to-null bandwidth is
22 MHz. France allows in the range of 2.4465-2.4835 GHz, and also this operation is allowed
in the range of 2.445-2.475 GHz band in Spain. The frequency channel plan of IEEE
802.11b for each country is indicated in Table 1[3].



Frequency X'10' X'20' X'30' X'31' X'32' X'40'

CHNL_ID

(MHz) FCC IC ETSI Spain  France MKK
1 2412 X X X - - -
2 2411 X X X - - -
3 2422 X X X - - -
4 2421 X X X - - -
5 2432 X X X - - -
6 2431 X X X - - -
7 2442 X X X _ _ _
8 2447 X X X _ _ _
9 2452 X X X _ _ _
10 2457 X X X X X -
11 2462 X X X X X -
l 2 2467 _ _ X _ X _
13 2472 _ _ X _ X _

2477

H
D

1

1

1

1
>

Table 1 Frequency channel plan for IEEE 802.11b

1.1.3 IEEE 802.119g

IEEE 802.11g is the 802.11a standard which operates in the 802.11b band (2.4 GHz
Industrial, Scientific and Medical band). IEEE 802.11a OFDM system has a higher maximum
data rate (54 Mbit/s) than 802.11b (11 Mbit/s). However, 802.11a has higher free space path
loss than 802.11b, because its operation frequency is higher than IEEE 802.11b. This means
that 802.11a has a shorter range compared to 802.11b for the same transmitted power. The
802.11g standard was designed for supporting high data rate and a larger range at the same

transmitted power.



1.1.4 IEEE 802.11n

IEEE 802.11n is an amendment version of previous wireless local area network standards
such as IEEE 802.11b and IEEE 802.11g. IEEE 802.11n was developed by adding Multiple
Input and Multiple Output (MIMO) system and 40 MHz operation to the physical layer
(PHY). MIMO uses multiple receiver and transceiver system to improve the system
performance. In order to support higher data rates, 802.11n provides wider bandwidth

(40MHz) than the previous 802.11 operation.

1.1.5 HIPERLAN/2

For countries outside of the USA, the wireless LAN may or may not be compatible with the
802.11 standards. But it is worthwhile to briefly introduce another important wireless LAN
standard: high performance local area network type 2 (HIPERLAN/2) standards.
HIPERLAN/2 is used in Europe and its territories, and defined by the European
Telecommunication Standards Institute (ETSI). HIPERLAN/2 is very similar to the IEEE
802.11a standard expect its operation frequency range [4]. HIPERLAN/2 operates in two sub-
bands 5.15-5.35 GHz, and 5.47-5.725 GHz. The OFDM system in HIPERLAN/2 is almost
similar to 802.11a.

1.1.6 IEEE 802.16

In order to give wireless access to the urban areas, IEEE 802.16a wireless Metropolitan Area
networks(WMANSs) standard was introduced firstly on 1 April 2003 [2]. This system utilizes
frequencies from 2 to 11 GHz. There are licensed and un-licensed bands in the wide
frequency band. The licensed bands are 2.3 GHz (WCS), between 2.5 to 2.7 GHz (MMDS),
between 3.5 to 3.7 GHz (ETSI), and unlicensed bands are 2.4 GHz (ISM) and 5.8 GHz (U-
NII) in which WLANs operates as well [4-5]. As a result, multi-band multi-standard
transceiver architecture should have five different frequency bands in a wide range as

represented in Figure 2.
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Figure 2 Operation frequencies for wireless communication

1.2 Communication Transceivers

Figure 3 shows the diagram of the major sub-circuit blocks of a typical super heterodyne

communication transceiver. The sub-block are commonly the same for all transceivers.

Power
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Figure 3 Typical super heterodyne communication transceiver [6]

The antenna connects both the transmit side and the receive side. Depending on the

communication state the antenna transmits or receives a signal through antenna switch or

5



duplexer. At the receiver part, firstly the input pre-selection filter takes the broad spectrum of
signals coming from the antenna and removes the signals that are not in the band of interest.
This process prevents overloading of the low-noise amplifier(LNA). The main goal of LNA is
amplifying the input signal without adding much noise. This process should be performed
firstly, because the input signal that comes to the antenna at lower power has to be amplified
without a distortion. Thus, any noise added after this stage becomes less of concern for the
system. The signals that are at the same distance at the above and below of the LO produce an
output at the same frequency. The frequency that we do not want to receive is called the
image. We can write the relations for the frequencies as f.r = fi, — f, and f; = f;, + f. Where
are f; the image problem frequency and f, the desired frequency. This means that there will
be a problem if we have a station at RF frequency and at the image. This problem is called as
image problem. The image reject filter selects only the RF frequency for removing the image

as shown in Figure 4.

Image-Reject
filter
Desired RF LO Image

signal

Figure 4 Removal of the image

The output of the mixer is the addition and subtraction of the RF and LO frequencies. The
addition is filtering by using intermediate frequency filter. Thus, after the IF filter, the RF
signal is translated down to the IF frequency. The other input of the mixer is coming from a

voltage-controlled oscillator located inside a frequency synthesizer.

There may be many different channels or frequency bands at the input of the radio. Therefore,
the local oscillator should have a controlled block to get the same intermediate frequency.

Before the signal passes on to the back end of the receiver, the automatic gain control (AGC)



stage has to bring the signal to a specific amplitude level. After that operation, the signal will

be digitalized through the use of an analog-to-digital converter.

The aforementioned receiving process could be seen as a reverse function of transmitter part.
The back-end digital signal is used to modulate the carrier in the IF stage. A mixer converts
the modulated signal and IF carrier up to the desired RF frequency. As in receiver part, the
other input for the mixer comes from the local oscillator. A power amplifier must be used to
increase the signal power, because the RF carrier and associated modulated data have to be
transmitted over large distances through the loss media. Depending on the application, the
power should be increased from the milliwatt range to a level in the range of hundreds of
milliwatts. In order to avoid transmission of the unwanted frequencies after the PA operation,

a low pass filter sould be used for removing any possible harmonics.

1.3 Thesis Overview

Chapter II start with application areas of Voltage Controlled Oscillators. Additionally,
specific performance parameters such as phase noise, power consumption, operation
frequencies, stability and output power were described. At the end of the chapter, VCO

topologies were introduced with a brief comparison.

The topology and design procedure that were used in this design have been described in
Chapter IIl. The core part of the VCO, LC tank, was defined through the detailed
investigations of the of tank inductances, the tank capacitances, the switching method and the
varactors. Moreover, the other parts of VCO like Gy, pufrer, fine tuning, bias and switched
circuits were presented. Following the small signal model of whole design, layout issues,

post-layout simulation and measurement results were presented.

Finally, the performance and novel characteristics of the multi-band voltage controlled
oscillator were covered in Chapter IV. This section also includes the future work for

developing the performance of the multi-band VCO.



CHAPTER 2 OSCILLATORS IN TRANSCEIVERS

In communication systems, the oscillators are utilized for providing the clock signals in
digital circuits and frequency conversion in analog circuits. The oscillators are called as Local
oscillators when used for frequency conversion. In this thesis, the voltage controlled oscillator

was designed as a local oscillator in a radio transceiver.

The proceeding sections include a literature survey about typical frequency operation,
performance parameters and topology types of local oscillators. Finally, as a result of the
literature survey, the appropriate topology and technology was chosen for the multi-band

operation.

2.1 Frequency operations by using Oscillators

The typical application of LO (with a mixer) in the front-end of a typical receiver is
downconverting the incoming radio frequency (RF) signal to a lower, intermediate frequency

(IF).

Another usual implementation of LO is PLL (Phase Locked Loop). A typical PLL is
composed of a reference frequency oscillator, voltage-controlled oscillator (VCO), a loop

filter, a phase detector, and a frequency divider, as shown in Figure 5.

A PLL forces the output frequency to become exactly equal to the input frequency. In order to
provide a stable high frequency signal, the reference signal is compared with the divided
version of the VCO output. If the divider has value N, then the output frequency will be N
times of the input frequency. Furthermore, if the divider value is adjustable, we can generate
different LO frequencies by simply changing N. If phase comparator detects a difference
between these signals, the following circuits operate for removing the difference. A fixed,
low-frequency (~10 MHz) reference oscillator can be used to generate multiple LO
frequencies in the low-GHz range. Typically, a crystal oscillator is utilized as the reference

oscillator due to its high stability.
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Figure 5 Phase-Locked Loop

The output contains noise characteristics of the reference signal, the phase detector, the loop
filter, the divider, and the VCO. Out of the loop bandwidth, the output only contains the noise
characteristics of the VCO. Therefore, the spectral purity of the VCO affects the phase noise
performance of the PLL.

2.2 Performance Parameters

The spectral purity, which is usually characterized by phase noise, is the most critical
specification when designing a VCO. In many wireless transceivers, the design goal is the
minimum power consumption. However, there is a trade-off between power consumption and
phase noise. The other specifications are the operating frequency, the stability, the output
power. In this section, the affects of each parameter on the oscillation performance were

explained.

2.2.1 Phase Noise

The most important charateristic of an oscillator is its phase noise. The spectral purity is a
measurement of the power distribution around the center frequency and its harmonics. Ideally,
the spectrum of an oscillator is an impulse located at the desired frequency. However, all
practical oscillators have im-perfect spectral purities and so they develop skirts as shown in
Figure 6. This is an undesirable power distribution around the oscillation frequency and the

harmonics are known as the phase noise.



In order to understand the negative effect of phase noise, consider the receiver’s front-end.
The desired signal is shown in the presence of a stronger signal in an adjacent channel in
Figure 7. As shown in the figure, the phase noise of the VCO is modulated onto the stronger
signal at IF. This phenomenon reduces the signal-to-noise ratio (SNR) of the desired signal at
IF and limits the proximity of the placement of the channels [7]. Similarly, in a transmitter,
LO phase noise is modulated onto the desired signal, resulting in unwanted energy being

transmitted outside of the desired band.

Power
Density
fo 2fo 3fo f
Figure 6 Spectrum of a typical oscillator
Interfering
RF Signal
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Figure 7 SNR degradation

2.2.2 Power Consumption

An arbitrarily small phase noise can be achieved by simply increasing the bias current, but

there are practical limitations such the possible smallest phase noise achievement. Increasing
10



the bias current means much more amplification in gm stage and it also means rise at the
VCO’s output voltage amplitude. However, any MOS transistor has a maximum voltage that
may not be exceeded without permanent damage. Also, in usual applications the n-well in a
PMOS device is connected to the power supply. The drain cannot exceed the power supply
voltage by more than about 0.6 V because the drain-well diode will be turned on resulting in
clipping of the output voltage. As a result, the bias current directly depends on the process.
Also, we would like to minimize current consumption of the VCO as much as possible

(considering the phase noise trade-off) to maximize battery life of transceiver.

2.2.3 Operating Frequency

The operating frequency is the major issue for Voltage Controlled Oscillator. In section I, the
wireless communication standards were given in terms of the frequency band aspects. If VCO
is used for a multi-standard application, output oscillation must satisfy all frequency bands

that are standardized by the multi-band transceiver block.

A multi-band multi-standard RF frontend for IEEE 802.6a and IEEE 802.11 a/b/g applications
have been designed [8]. This design could be a reference for the frequencies cover in VCO in
a multi-band RF transceiver. For IEEE 802.11 b/g, and WCS and MMDS bands of 802.16a
that share nearly same frequency bands aroud 2.4 GHz, the first local oscillator was located
between 3.45 to 4.05 GHz. Moreover, IEEE 802.11b and UNII band of IEEE 802.16a was
covered by providing 3.85-4.37 frequency band from VCO.

Another example could be given from a multi-band dual-conversion zero IF Receiver that was
designed for IEEE 802.11a/b/g standards. The bands required to be covered are 2.4-2.5 GHz,
5.15-5.35 GHz and 5.725-5.825 GHz. For this operation the frequency plan of the multi-band
WLAN receiver is presented in Table 2 [9].

Band (GHz) LO (GHz) IF(MHz) Image (GHz)
24-25 2.9 400 — 500 33-34
5.15-5.35 4.8 350 — 550 4.25-4.45
5.725 - 5.825 5.275 450 — 550 4.725— 4.825

Table 2 The frequency plan of multi-band WLAN receiver
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2.2.4 Stability

The stability is another performance parameter that affects the peripheral circuitry of the
oscillator. In a transceiver block, if we have unstable frequency, we cannot get the desired RF
or IF signal at the output of the mixer. From the PLL perspective, a stable and fixed signal at

the output will not be guaranteed at the presence of an unstable VCO.

2.2.5 Output power

In typical applications, oscillators always drive circuits such as mixer in transceiver and
divider in PLL. So, the output power becomes an important parameter when designing the

whole circuit.

2.3 Topology and Technology

The main concern while choosing RF technologies for wide ranging communication
applications is optimization for performance and or cost. This leads to the exploitation of Si-
based technologies when cost and integration are the major concerns. The convenience of
integration of high performance HBTs with the state-of —art CMOS and passive elements is
the main advantage of SiGe BiCMOS technology against the other technologies [10].

As a consequence of second and third generation wireless systems, the multi-band and multi-
standard mobile communication systems are required. The recent transceiver components
must also cover the frequency band of various systems. With the introduction of the Ultra
Wide Band (UWB), the communication standards operate in the frequency ranges up to 10
GHz. As a result, the demand for multi-standard RF transceivers which put various wireless
and cordless phone standards together in one single structure is increased. So, the narrowband
voltage controlled oscillators, which are one of the most attractive blocks among the RF
building blocks, were replaced with single low noise wideband VCO. The demand for multi-
standard RF transceivers imposes a key role to reconfigurable wideband VCO operation with

low-power and low-phase noise characteristics [11-13].

The Voltage Controlled Oscillators (VCOs) are one of the essential building blocks of modern
RF transceiver architectures. The LC-tank VCO topology is the most popular implementation
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among others due to its higher spectral purity which is mentioned in section 3.2.1 in details.
Below, various types of oscillators and a comparison between their performances will be

presented.

2.3.1 Ring Oscillator

Basically, the odd number of the cascaded invertors in a feedback loop constructs a ring

oscillator. The oscillation frequency is f,s. = which is related to the delay and number

2TgM

of each stage (T d is the delay of each stage and M is the number of stages).

Figure 8 shows a three-stage differential ring oscillator. The ring oscillators are not faster and
also cover lesser area relative to the other types of oscillators. However, the main
disadvantages of ring oscillators are the lower operating frequency, poor spectral purity (Low

pass behavior due to lacking inductors) and higher power consumption.

>

\
/

~
>
-

Figure 8 Ring Oscillator

2.3.2 Relaxation Oscillator

The relaxation oscillators, presented in Figure 9 are resonatorless oscillators. The ring
oscillators could be given as the example of relaxation oscillators. In the topology, the

positive feedback transistors (M1 and M2) enable the oscillation in this topology.
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Figure 9 Relaxation Oscillator

The major advantage of the resonatorless oscillators is lack of large passive devices such as
inductors and capacitors. This advantage makes relaxation oscillators small-sized and suitable
for integration. However, the lacking of passive devices will cause no filtering of noise at the
output signal. So, resonatorless circuits will suffer from phase noise performance, and this

topology is not suitable for our application.

2.3.3 LC Oscillators

In order to get a better phase noise, the resonators have been added to the feedback network.

A very simple resonator is an LC tank. The oscillator that is shown in Figure 10 resonates at

frequency w, = \/% .

Figure 10 Parallel LC resonator
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In theory, the impedances of the inductor and capacitor are equal with opposite signs at
resonance frequency. The formula of the ideal circuit is |}w;C| = |jw.L| , which
c

makes the impedance of the tank equal to infinite at this frequency. However in practice both

the inductor and capacitor suffer from resistive components. Additionally, QC and QL are the

1 wL
and —.
wRsC Rs

quality factors of capacitor and inductor, and they are defined as

Generally, the quality factors of the capacitors are much higher than the quality factors of the

inductors [7]. Thus, the resulting parallel resistance of the tank, R, is mainly determined by

the inductor (R_~R_ ).
P UPL

According to the model in Figure 11, the impedance of the circuit could be given as the
paralleled impedance of the inductor, capacitor and resistor. At resonance, impedance of the

inductance and capacitance are equal and the voltage gain equals +ngP. It should be noted

that Barkhausen’s criteria [7] has to be fulfilled to start the oscillation.

L Rs
Cs —~ Lp ~Cp Rp
Ls
C

Figure 11 Impedance of the Tank

L, = L Cp = Cs
RpL = QLZ-RSL RpC = Qg-RsC
ForQ, > 1 For Q. > 1

Topology Types

There are different approaches in designing an LC oscillator. The most common methods are
Colpitts oscillator, Hartley oscillator, and Cross-Coupled oscillator. Colpitts and Hartley,

shown in Figure 12, use one transistor to provide sufficient gain and phase shift. The
1

[LeqCeq

frequency of oscillation in both topologies is w, =

15
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(a) (b)

Figure 12 (a) Colpitts and (b) Hartley Oscillators

The Colpitts oscillator is known by its using a tapped capacitor and amplifier to form the
feedback. Apart from Colpitts, the Hartley oscillator uses tapped inductor to form the loop.
Because of using only one inductor, the Colpitts oscillator is smaller and more suitable for
integrated circuits than the Hartley oscillators. The gain equation for colpitts oscillator is
driven from small signal analysis;

(€C1+C3)?
Rp = ——— 1
Imhip Gy (D

where g _is the gain of the amplifier (generally MOSFET transistor) and R, is loss of the LC

tank. The minimum required gain occurs when C—l = 1, resulting the following expression to
2

fulfill the Barkhausen’s criteria;

ImRp = 4 ()

Another approach in designing an LC oscillator is Cross-Coupled oscillator, which is divided
into three different types in

Figure 13 , PMOS-Only, NMOS-Only and Complementary Cross-Coupled.
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Figure 13 Cross-coupled Oscillators (a) NMOS only (b)PMOS only (¢) Complementary

In [7] it is presented that the total phase shift around the loop is zero at resonance, because

each stage provides a zero frequency dependant phase shift, resulting in the following
limitation on gain to start the oscillation:

2
ImiRpGmzRp 21 — (gmRp)” 21

3)
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When choosing between Colpitts oscillator and Cross-Coupled oscillator, it should be noted
that Colpitts suffer from two drawbacks; Firstly, with regards to equations (2) and (3) it can
be seen that the gain has to be 4 times higher in Colpitts with identical LC tank, resulting with
either larger transistor size or higher biasing current and as a consequence of this higher
power consumption. Secondly, there is no differential output in Colpitts oscillators. Here, it
should be mentioned here that maximum noise rejection is feasible in fully differential
oscillator compared to the one in single mode oscillator, and the level of SNR (Signal to
Noise Ratio) is higher in differential circuit. Consequently, a fully differential model has been

chosen for this project.
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CHAPTER 3 VCO DESIGN

In this chapter, a 2.2-5.7 GHz Multi-band Differential LC Voltage Controlled Oscillator
(VCO) for the Multi-band Multi-standard is presented. It was designed for a multi-band
transceiver architecture that utilizes a controllable VCO which operates at different
frequencies in a wide frequency range. The advantages of Multi-band Differential LC VCO
topology are: 1) 5 controllable frequency bands, which are utilized by multi-standard; by the
help of switching inductor and capacitor method 2) the provision of low phase noise by using
all PMOS current sources topology which has minimum intrinsic and extrinsic sources of
noise. Five frequency bands, which are obtained from wireless communication standards in
Section I, are the multi-band view of the design. Additionally, another goal is achieving multi-
band operation with low phase noise. The circuit is designed with AMS 0.35um SiGe
BiCMOS process that includes high-speed SiGe Heterojunction Bipolar Transistors (HBTs).
0.35 um Sige BiCMOS is fairly old technology. However, in this project, technology is not
major concern. Figure of merit of the project is comparable with the previous VCO designs
that are used newer technology. The advantage of this project is covering wider frequency
band than the other VCOs. This is succeed by adding a novel switch approach to the circuit

which was defined in this chapter.

3.1 Topology and Design procedure

VCO Circuit Design Review

Various material systems and transistor technologies such as InGaP/GaAs HBT, SiGe
BiCMOS, Si CMOS, and Silicon-on-insulator (SOI) CMOS can be used to meet the

specification of multi-communication standards mentioned in Section I.

A CMOS dual band Voltage Controlled Oscillators realized with 0.18um CMOS technology
operates at 2.15 GHz - 2.756 GHz and 4.756 GHz - 4.996 GHz [47]. This VCO demonstrates
a phase noise of -121.45 and -118.4 dBc/Hz at IMHz offset from the frequencies of 2.4 and
4.86 GHz. The tuning range is relatively low in comparison with 5-6GHz coverage of the
standard. Moreover, the design with two different LC tanks providing dual-band oscillation is

not a cost-effective design when compared to single LC tank topology.
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A remarkable work performed with 0.13pum SOI CMOS demonstrates a 3.065-5.612 GHz
coverage with -114 dBc/Hz phase noise at 1 MHz offset while drawing 2mA from 1V supply.
This performance is succeeded by taking the advantage of SOI structure and eliminating the

adverse effect of Accumulation mode varactors (AMOS) using band switching topology [23].

The Ultra-wide band voltage controlled oscillator (VCO) have been designed by using 0.35
um SiGe BiCMOS technology [45]. The VCO provides an oscillation band between 2.67 to
4.37 GHz. Novel resonant circuit, which consists of three NMOS varactor pairs, p-n diodes,
two spiral inductors and a control unit, allows the VCO to have a wideband tuning range. At a
collector voltage of 4.0 V, the DC current consumption of the VCO is 5.8 mA. A phase noise
of -111 dBc/Hz at 1 MHz offset at an oscillation frequency of 4.37 GHz was ensured.

All-PMOS wideband VCO having Automatic Amplitude controller for multi-band multi-
standard radios was fabricated by using improved capacitor switching method in TSMC 0.18
um CMOS technology. The frequency band and tuning voltage are 2.78-3.78 GHz and 0-1.8
V, respectively. The measured phase noises at 1 MHz from carrier frequencies of 2.83, 3.24,
and3.77 GHz are -126.5, -125.0 and -122.7 dBc/Hz, respectively. With 1.8 V voltage supply,
the current flowing into the VCO core varies between 4.9 mA to 5.7 mA[47].

VCO Design in this work

The ring oscillators [17], multivibrator oscillators [6] and Resonator (LC) based oscillators
[19] can be used as an RF VCO topology. The Multi-vibrator oscillators are utilized for very
high tuning ranges. The ring oscillator topology that is composed of an odd number of
inverter stages has also high tuning range. However, these oscillators usually have less
spectral purity than does their LC counterparts. The LC based oscillators are the most

appropiate topology for low phase noise designs.

In a practical circuit, the oscillators will die away unless feedback is added in order to sustain
the oscillation. The feedback (or negative resistance) is usually provided by tapped inductor
and amplifier (Hartley oscillator), two amplifiers (-G, oscillators) or tapped capacitor and
amplifiers (Collpitts oscillator). Due to the difficulties in IC tapped-inductor implementations,

Hartley topology is usually not prefered. Although there are some successful realizations of
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Collpitts configurations, - Gy, topology generally results in higher performance wireless

applications [6].

The differential LC - Gy, configuration shown in Figure 14 is chosen for Multi-band VCO
because of meeting the phase noise requirements of the communication standards and
topological advantages. In an RF transceiver block, VCO usually drives the mixer which is
composed of differential Gilbert Cell. Moreover, differential topology enhances the output
power in exchange with the increased power consumption, the larger chip area and the
increased complexity. Finally, differential LC -Gy, configuration provides a higher common-

mode rejection ratio (CMRR), thus higher linearity [20].
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Figure 14 Multi-band VCO schematic including LC switched resonators

The NMOS, PMOS, or complementary cross-coupled designs can be used as LC VCO circuit
topologies for wideband VCOs. Since it consumes less current to compensate losses in the
tank and has lower upconversion factor of flicker noise, a complementary cross-coupled VCO
is quite attractive. However, it reduces the voltage headroom of the current source, and
introduces more parasitic capacitance as well as noise sources to the tank [21]. Thus, a non-

complementary topology is used for the thesis project.

All-PMOS VCO topology is the most appropriate in terms of low phase noise performance
because the topology has minimum intrinsic and extrinsic sources of noise [24]. The Cross-
Coupled has two more transistors compared to PMOS Only, resulting in almost five times
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more parasitic capacitance and hence degradation in tuning range and the introduction of
more noise sources. The reason why an all-PMOS VCO topology is chosen is explained in

detail in section 3.4.

3.2 LC Tank Design

The method which is used to design the capacitive and inductive part of the LC-tank, was
based on information about the desired VCO characteristics in section I and II. In order to
cover the desired bands, VCO tank is divided into three blocks as switched inductor, switched
capacitance and fine tuning circuitry. The detailed information is given about these three parts
in the following sections and also all sections define why the designed topology or type of

component was chosen.
3.2.1 Tank inductance

The low Q values of inductors implemented in BICMOS with RF operation are the drawbacks
of VCO design. The lowest Q value means that the loss in the LC tank was mainly caused by
the inductor. Therefore, the quality factor of the inductor is the dominant influence on the
phase noise performance of the VCO. The selection of the inductor could be seen as a starting
point of VCO design because of limited library of AMS. This chapter studies necessary
considerations for utilization of inductors implemented in BICMOS. Finally, the inductor that

will be used in actual VCO design is presented.

Previously, the discrete components and usually surface-mounted devices were utilized in the
circuit. Because of cost and size issues that approach is unsuitable today. Based on the fact
that monolithic on-chip inductors are now widely utilized in radio frequency integrated circuit
design. They are typically used in resonators such as in VCO or matching networks. In both
applications, the critical parameter for the inductors is the quality factor because it improves
circuit performance in terms of efficiency, insertion loss, gain and noise figures. The metal

and substrate losses are the reasons for low Q-value inductors in BICMOS technology.

The integrated spiral inductors are the square, circular and octagonal shapes, as shown in
Figure 15. The Q-value and the utilization of minimum die area are the selection criteria for a
specific type of geometry. An obvious and efficient inductor structure is the circular shape

that was based on a smooth continuous circular conductor. Therefore the circular shape has
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minimum die area for a given inductance and provides the best area/length relationship
compared to the other inductor shapes. The trace length determines the series resistance while
the area determines the inductance. However, the process technologies set limitations

regarding inductor shapes because of limitations in the masking process.
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Figure 15 Inductor Geometries ; (a)square (b) octagonal, (c) circular

The differential inductors are preferred such as those depicted in Figure 15 when designing
cross-coupled VCOs. This symmetry enables the cross-coupled VCO to be completely
symmetric and thereby ensures that a virtual ground exists at the plane of symmetry. In the
designed case where the VCO is an PMOS only type, a center tap is added to the differential
inductor thereby enabling DC biasing through the inductor.

Inductor Model

The differential and single-ended inductors can be shown by an equivalent circuit in terms of
a two-port m-network consisting of lumped passive components. The equivalent circuit
represents different assumptions and correspondingly exhibits different complexity. The

equivalent lumped model used for modeling is depicted in Figure 16.
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Figure 16 Inductor Modeling: Lumped —model of the two port spiral inductor
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Rs: The series conductor loss is represented by the series resistance R.

Cc (Cp): The capacitive coupling between the turns and the coupling originating from
over/underpass

L,: Self and mutual inductances.

Cox: The oxide capacitance found between the inductor and the silicon substrate.

Rsi. The resistance of the conductive silicon substrate

Csi: The parasitic capacitance found in the substrate.

If the inductor has to perform single-ended operation as in the VCO, the port-2 of the
equivalent m-model shown in Figure 16 must be connected to ground as Figure 17 thus

obtaining the definition of the single-ended Q-factor [25]:

, imag(=—)
imag(Z11) — g Y11

Qi1 = 1 4)
real(Z11) real(y—ll)
Port 1
|
Cp| Cs Rs
711 r Rp — p— |
Ls
|
——
Figure 17 Equivalent circuit of one port grounded inductor
The same principle applies for derivation of the single-ended inductance:
: imag ()
L11 _ imag(Z11) — Y11 (5)

2nf 2nf

The quality factor of the overall tank circuit is determined from the parasitic conductance of

capacitance and inductance. Since the accumulation mode MOS varactors have relatively
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higher Q values than on-chip inductors, inductor Q is the main determining factor of the

overall Q of the tank circuit.

The inductors and capacitors in LC tank are simulated and analyzed individually. The AMS
library inductor is used as inductor of the LC tank; its characteristics can be observed in
Figure 18 and Figure 19. From the Figure, the inductor has an inductance of 1.04nH with a

quality factor varying between 8.7 at 2.4 GHz to 11.8 at 5 GHz.
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Figure 18 Inductance value of AMS library inductor.
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Figure 19 Quality factor of the AMS Library Inductor
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The layout of the square-shaped AMS Library inductor is shown in Figure 20 Inductor Layout.
The top metal layer is utilized for the traces of the inductor. Each inductor has an area of

287.4um*264.4pm = 0.076 mm”.

Figure 20 Inductor Layout

3.2.2 Tank Capacitance

In the BiCMOS process, the capacitors that use Metal-insulator-metal (MIM) capacitors
[25,26], MOSFET gate oxide and Poly-insulator-gate (Double Poly) capacitors are the
available capacitors. The MOS capacitors and junction capacitors that have higher
capacitance density are not suitable for these applications because of their non-linearity that
means their capacitance value changes with applied voltage. Also their values depend on
temperature [25]. Additionally, MOS capacitors have a very poor quality factor due to the
high series resistance. To achieve a better linearity and quality factor, the parallel plate metal-
to-metal capacitors can be chosen. However, as a result of large vertical spacing between the
plates means low capacitance value. The metal finger capacitors could be seen as a solution to

increase the capacitance density of parallel plate capacitors.

The double poly capacitor is a well-established component but it suffers from the limited RF
capability in multi-GHz range. Due to the the resistive losses in the plates and contacts and

parasitic capacitance between passive component and the loss silicon substrate. The
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limitations in the quality factor are naturally reduced for the MIM capacitor, where the bottom
plate is positioned further from the substrate (Figure 21) and metal plates are inherently low in
resistance. The MIM capacitors have much better voltage linearity, lower series resistance,
much lower parasitic capacitance, and excellent matching. Moreover, the fabrication process

of the MIM capacitors has less heat which is important for sub-micron transistors.
TIN top plate

dielectric

a) b}

Figure 21 Cross Sections of (a)Double Poly capacitor (b) the MIM capacitor[27]

MIM capacitor was chosen for this design because of its advantages for the RF applications
discussed above. The equivalent circuit model for an MIM capacitor is shown in Figure 22. In
this circuit, C; is the main element of the capacitor, R and L are the parasitics existing in the
electrodes, and C,x; and Cox, are the parasitics that represent the capacitance to ground due to

the bottom and the top plate metal, respectively.

P1 P2
(Top) L. R. ¢ (Bottom)

C C
oxi I l ox2

Figure 22 Equivalent circuit Model of an MIM Capacitor

A remarkable work regarding two-port, parallel plate, square structure MIM capacitors [28]
helps to form an opinion about the parasitics of MIM capacitances. In this work, MIM
capacitors that have different sizes (The width of the edge per side of the squares is 10, 15,25

and 50 pm) are utilized to describe the behavior of MIM capacitors for various device
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geometries. After performing the measurements and extractions for each device, they drive

the scaling rules as shown in Table 3 [29].

Scaling Rule
R, [Q] 14.52 / Ly + 0.91
Ly [pH] | 404.93 /Ly + 132.82

Cs  [pF] | 0.00106*(Lyuy+ 0.388)
Coa [fF] 7.5
Coxz  [fF] | 0.00220%(Lyy + 55.893)

Table 3 Scaling Rules for a square MIM capacitor with L, in the range of 10~50 um.

Lyim is the edge per side of the MIM layer in pm

3.2.3 Switch Method
The total quality factor of the resonance tank limits the phase noise performance of an

oscillator, whereas the capacitance ratio is important as it limits the achievable tuning range.

The traditional switch circuit implementation is presented at Figure 23. When the transistor is
at ON state, there would be no DC current flowing through the capacitor and thereby the
transistor. The transistor’s drain-source DC voltage equals zero, therefore, MOSFET operates

in the triode region [7].

The ON resistance of the transistor can be calculated by using a simple transistor model,

1

w
Tdso = Gaso = U-Cox. T (Vgs - V) (6)

ddso

where p; Cox; W, and L are the mobility, gate oxide capacitance per area, width, and length of

the transistor.

28



Oscillation
node

1 c
LW
Figure 23 Binary weighted array of switched capacitors

The quality factor of the resulting series RC-link is, thus, equals to

1

Q=5—— (7)

- 2nfC rqso

In order to provide a high quality factor, the transistor dimensions (width and length) can be
changed by designers. As can be seen at (6) equation, the minimum length should be used for
best performance. The width will be determined by compromising between tuning range and
quality factor. At the OFF state, the conductance ggso will be negligibly small. The Cyq and Cqyp
capacitances (neglected at the ON state) dominate the transistor’s impedance. There is a pn
junction formed by the p-doped substrate and the n-doped drain between drain and bulk,

whereas the gate-drain capacitance is due to the overlap between gateand drain.

Cosr = Capacitance value of switched capacitor + drain capacitance

When the transistor is OFF, C, ¢ , the capacitance of the tuning circuit seen by the oscillator,
is the series connection of the capacitor being switched OFF and the drain capacitance Cq4 of
the transistor (Cq = Cg + Cgq). The drain capacitance is related with the width of the
transistor. A wide transistor thus increases the quality factor but reduces the tuning range,
leading to a compromise. Since (7) contains the frequency in the denominator, obtaining a

good compromise is difficult at higher frequencies. The following equations show that an
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achievable performance can be related to the ratio of the transistor transition frequency f; to

the operating frequency

— 9Im_
fe = e ®)
c_ C.Cq
AC — Con — Copr _ C+Cd_C(C+Cd)—C.Cd_£
Corr Corr C.Cq C.Cq Ca
C+Cy
9)
AC 1 Im 1 Cg

Q. = = . =2
COFF 277:frdsOCd 27'[ng ImTaso Cd

ft 9aso Cg
== = = 10
f 9m Ca ( )

where gm: the transconductance of the transistor in saturation

AC: is the difference in capacitance between the ON and OFF state.

The last expression is used as a performance measure. In modern BiCMOS process, Cy/Cq is
approximately equal to unity, but g4/gm which is equal to unity in the long channel low
electric field situation, can be substantially larger for short channel devices with high gate
voltages [7]. In such a situation, disregarding this term in (10) would lead to an

underestimation of the achievable performance.

The novel idea here is to use just one transistor as shown in Figure 24 instead of two
transistors for switching the same capacitance value in whole circuit. The performance of the
switch circuit could be seen from (8), (9) and (10) equations. When a branch is ON it will
contain two 7,40 in series going from one side of the differential circuit to the other. So this
limits the quality factor. With the improved differential switched-tuning circuit the quality
factor of the switch circuit will be doubled while keeping the transistor sizes the same and
switching the same fixed capacitance. The purpose of the big resistors in the circuit is to

ensure that the transistor is OFF at all times in an OFF state and obtain the maximum gate to
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source (and drain) voltage in the ON state. Moreover, the other purpose of giving Vdd to
drain and source at OFF state is reducing and getting a better control of reverse biased drain-

bulk capacitance [15].

Cacillabon modes
J— Clswitch
. :

i ) Cl Cl
== = [ m|m T |

< |1 =TEE | o REF i <

}_. I_. Rlng*-’.’__’_ -\:\_ Rlng
i < <

(5] I Ra L
= }- 2EF - }. REF _ | _ < Cirmach
< _

Figure 24 Improved differential switched-tuning circuit

The multi-band tuning concept in a wideband range has been attempted by a utilizing
switched inductor with a poor phase noise outcome [30]. The switched inductor concept that
is shown in Figure 25 is used for increasing the tuning range and for achieving low phase
noise. According to the transistors ON and OFF states, the inductance that is seen between
ports 1 and 2 is changed. At the OFF state, the total inductance is approximately the sum of
the L1 and L2. When transistor is on, the branch is shorted and inductance seen from port 1 is
decreased to L1. Also, the capacitance seen from L1 side is reduced because of shorting the
transistor capacitances and the capacitances associated with L1 (partially) and L2 to the
ground by a low resistance path. By the help of switching method, the circuit has the ability of
simultaneously decreasing inductance and capacitance [31]. This tuning ability provides
circuit flexibility for trade off between the phase noise and power consumption [32] compared

to the case of using only switched capacitors [33].

Inductor switch Inductor switch
Positive - 1 Negative

Oscillation ! | .l, | | L4 Oscillation

N st st I
Node Port 2 Node
L2 L3
Port 1

Figure 25 Schematic of switched resonator
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3.2.4 Varactor

For the multi-standard operation, a VCO needs to cover a wide frequency range. Typically, in
the LC-oscillators, the varactors are used for continuous frequency tuning. However, high
tuning sensitivity means high sensitivity to noise and disturbances on the control voltage.
Moreover, large metal-oxide-semiconductor (MOS) varactors convert harmless amplitude
noise into harmful phase noise. In this work, an improved switching inductor and capacitance
technique have been used as a controller concept of a LC tank to cover a wide frequency

range and reduce the noise problem.

In the BICMOS and CMOS technologies, the tuning range is also a critical performance
parameter in designing VCO. The accumulation mode MOS varactors are commonly
preferred for tuning owing to the fact that p-n junction varactors and inversion mode MOS
varactors have limited tuning range. The AMOS varactors have the highest tuning range
among other varactors types. Moreover, with AMOS varactors, VCO can be tuned more

linearly [15].

This chapter presents an overview on different varactors configurations suitable for BICMOS
implementation. Furthermore, the AMOS varactor, which was chosen for this application as

appropriate, was researched considering its large signal analysis and subcircuit model.

i. Varactor Types

The minimum and maximum capacitances and Q-value are the main specifications of a
varactor. Because of dominant influence on the tuning linearity of the VCO frequency, the

linearity of the tuning curve of varactors shown in Figure 26 is important.

The output frequency is expressed by: foue = fo + Kyco- Veonsts Where Ky, (voltage gain)
has the unit of Hz/V. Ideally, as shown in Figure 26, the slope of the line is constant. In
practical, the gains of the varactors are not constant. The main differences between various
types of varactors are found at their C-V characteristics and Q-values. The differences will be
clear in the following subsections, where different varactor types suitable for BiICMOS

implementation are introduced.
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Figure 26 Ideal Frequency Tuning Curve

PN-JUNCTION VARACTOR

The first option for the realization of varactor tuning elements in SiGe BiCMOS process is
pn-junction varactors. The varactor is obtained from p+/n- well junction also known as diode.

A cross section of a junction capacitance is sketched in Figure 27.

Pn junction varactor operation was achieved by applying a reverse bias voltage, Vr_across the
anode (A) and cathode (C) terminals. The reversed bias voltage determines the width of
depletion region, thereby the junction capacitance. Thus, the varactor capacitance value is
related with the depletion region between the p+ diffusion and the n-well. A p /n-well
structure can typically have a quality factor of 20 or better. The drawback of this varactor
approach is that the diode can be forward biased if the signal voltage is high so that the diode
enters the breakdown region. As a consequence, the varactor will be short circuited and will

short circuit the two VCO nodes, thereby blocking the oscillation.

A- Vr +C

n-well AN
hﬁpleﬁnn region

p-subsrate

Figure 27 Cross section of p*/n-well junction capacitance
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MOS VARACTOR

By connecting drain, source and bulk (B,S,D) together, a MOS capacitor of whose
capacitance value changes with Vy, could be realized. For a pMOS capacitor, an inversion
channel with mobile holes builds up for V> [V{|. The condition Vy>>|V|| guarantees that
the MOS capacitor works in the strong inversion region. In this region, the MOS device
shows a transistors behavior. The MOS device enters the accumulation region for Vo>V,
where the voltage at the interface between gate oxide and semiconductor is positive and high

enough to allow electrons to move freely.

The value of the MOS capacitance Cys iS;

€ox- O
Coy = — (S: transistor channel, t,,: oxide thickness region)
tox

in both strong and accumulation region.

The moderate inversion, the weak inversion, and the depletion are three more regions that
change with intermediatevalues of Vi [34]. When passing from the accumulation region to
the depletion region the capacitance will drop because of the number of major carriers.
After the depletion region, Vg will be less than Vb with a difference of [V{. So the
inversion layer starts to be obtained under the gate oxide. As a result of the decreased gate
voltage, capacitance will rise sharply because of the strong inversion layer. The

characteristics for the PMOS capacitor are shown in Figure 28.

Figure 28 shows the Cp,,—Vpg characteristics for a very small signal superimposed on the bias
voltage. If the signal at the transistor gate (for MOS capacitances) is large, then the
instantaneous value of capacitance changes throughout the signal period. The designer should
not allow the capacitance changing of the LC tank (non-monotonicity). An almost monotonic
function for Cy,0s can be obtained if the transistor does not enter the accumulation region for a

wide range of values of V.

The monotonic function is obtained by breaking the connection between D-S and B, and
giving the highest DC-voltage available in the circuit (Vq4q) to the Bulk (Inversion MOS

capacitor, Figure 29). Figure 30 shows the comparison between the typical Cios-Visg
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Figure 28 Typical tuning characteristics for the PMOS capacitor with B=s=D

characteristics of pMOS capacitors and B=S=D capacitor. It can be seen that the tuning
range of the IMOS capacitor is much wider than that of the previous capacitor, since the former
capacitor is working in the strong, moderate, or weak inversion region only, and never enters

the accumulation region.

Figure 30 Typical tuning characteristics for the inversion mode varactor

The rationale of obtaining an AMOS (accumulation-mode MOS) type capacitor is to ensure

that the formation of the strong, weak, and moderate inversion regions is inhibited (which
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means the suppression of any injection of holes in the MOS channel). The structure, in turn,
can be accomplished with the removal of the DS diffusions (p'-doped) from the MOS device
(since we are dealing with circuits working at radio frequencies, we do not need worrying
about thermal generation of hole-electron pairs). Implementation of the bulk contacts (n') in
the left by D-S is required, as shown in Figure 31, for minimizing the parasitic n-well
resistance of the device. The tuning characteristics of the A-MOS capacitor and also

comparison with the B=S=D capacitor is shown in Figure 32.

In order to chose a suitable varactor type for VCO, research on VCO performance has been
done [28]. Three different varactors (tuned by a diode varactor, an I-MOS varactor, and an A-
MOS varactor, respectively) were utilized in VCO in order to obtain the tuning range and the
center frequency. All varactors were designed for maximum Q (i.e., the lengths of the devices
are the minimum lengths allowed by the process). Three important parameters were taken into
account for comparing with the VCOs such as minimum current consumption, phase noise
and tuning range. The minimum current consumption for oscillation measurement gives a
rough indication of the (relative) parasitic resistance in the LC-tank. Also phase noise
measurement is an important indication for comparison while the other parameters are equal

[35].

p-

Figure 31 Accumulation-mode MOS capacitor

Cmos
r

»

Vsg

Figure 32 Typical tuning characteristics for the accumulation mode varactor
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The measurement results given at Table 4 and 5, show that the performances of both MOS
varactor VCO’s are superior to that of the diode varactor VCO [28]. In particular, the
accumulation-mode MOS varactor VCO clearly displays the lowest power consumption and

the lowest phase noise at large offset frequencies from the carrier.

fi-fu fo Tuning

Varactor (Ghz) (GHz) | Range
Diode 1.73-1.93 1.83 10.9%

I-MOS 1.71-1.91 1.81 11.0%

A-MOS | 1.70-1.89 1.80 10.6%

Table 4 Frequency Behavior of the VCOs

Minimum current consumption for all varactor types
A-MOS: 0.87 mA < I44 < 0.99mA
Diode: 1.80 mA < Iy < 2.44 mA
I-MOS: 145 mA < I44 < 1.65mA

Lig Phase noise
Varactor | (ma) 100 kHz, 600 kHz, 3Mhz
Offset from carrier (dBc /Hz)
Diode 4.5 -100, -116,-130
I-MOS 3.8 -100, -117, -132
A-MOS | 2.7 -101, -121, -137

Table 5 Phase Noise Behavior of the VCOs
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ii. Large signal analysis of MOS Varactors in —-Gm LC VCOs

The specific MOS varactor topologies resulting from the connections and their corresponding
C-V characteristics are detailed in previous section. It should be added that there were no AC
signal analysis while defining the characteristics. When varactors are utilized in VCO tank
circuit, there would be large signal swing of the VCO output oscillation that modulates the
varactor capacitance in time. Thus, this utilization affects tuning curve as deviating from the

typical C-V curve or the practical varactor device structure.

The instantaneous value of the capacitance changes throughout the signal period when the
signal voltage swing across these devices is large (as it would be the case in VCO tank). The
effective capacitance seen by the large signal will be a weighted average of the small-signal
capacitance over a single period. Because of this “averaging” effect, the oscillator RF output
frequency versus tuning voltage curve and the DC/smallsignal C—V curve will not be

equivalent [36].

3.3 Design of gm stage

Initially, the design of the gm-stage was based on the inductor loss i.e. the inductor Q-value
was assumed to be the dominating component regarding loss in the LC-tank hence Qunk = Or.
It was necessary to make this assumption, since the drain-source conductance values of the
gm-stage FETs were not known at that time. The case was the same for the switch and fine
tuning circuitry since the design of these sub-modules was based on the value of parasitics

capacitances of the gm-stage.

The Q-value of the inductor is dominant and hence the Ry will be used as the target resistance

that must be canceled out. The simulated Q-value of the inductor model is 11.8 at 5 GHz.

The loaded Q-value of the tank representing the total losses of the tank is stated as:

v (11)

Qloaded - wo L
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where R, is the equivalent parallel resistance modeling the total loss of the tank while w, is
the resonance frequency. The loaded Q-value is related to the Q-value of the inductive and
capacitive components, as follows:

1 1,1

—+— (12)

Qioadea QL Qc

Equation 12 defines the relation between the loaded Q-value and the individual Q-value of the

(A)0L
Rs

inductor and capacitor. The component Q-value of the inductor is given by  Q, =

where Rs symbolizes the series resistance of the inductor. The Q-value of the capacitor is

stated as

1
" RewoC

Qe (13)

where Rs denotes the series resistance of the capacitor. Based on the fact that the Q-value of
the actual capacitive part of the tank is assumed to be sufficiently higher than the inductor Q-

value, the following statement is valid:

QL < Qc = QL ~ Qloaded (14)

Using the statement shown in Equation (13) the equivalent parallel resistance of the loss tank

is defined by:

.L)? L
Rp = Quoadea- @o- L = 2= = (292, R, = Q7. R (15)

where R; is the series resistance of the inductor. It is desirable to have the R, as large as
possible since this can be translated to a higher loaded Q-value and thereby lower series
resistance of the tank. A higher loaded Q means better phase noise performance which is one
of the main goals in VCO design. Furthermore, a lower series resistance is likewise beneficial,
since the low resistance relaxes the requirement of the needed value of negative resistance to
start and to maintain the oscillation. The series resistance of the inductor is the only resistive

part influencing the equivalent parallel resistance of the tank.

39



Knowing that the Q-value of the actual inductor is 11.8 the parallel resistance of the tank can
now be found. The inductance is then 1.05 nH (at 5GHz) which leads to the following value
of Rp:

21.5.10°.1.05.107°
11.8

Ry = Q2. (“’Q—LL) = (11.8)2.( ) = 389Q (16)

Using the computed value of Rp ,the parallel inductor conductance is found by:

1

Since g;, = Grank 15 assumed to be valid, by using safety factor of two and the PMOS must be

designed such that they all two individually exhibit a transconductance value of:

Gmn = 4.2.57mS = 10.28mS (18)

Each of the amplifying transistors must have a conductance gy, of 10.28mS,

w
Imn :\/Z'MO'COX.T'ID (19)

where L is the mobility of the carriers in the channel while Ip is the drain current through the
MOSFET. In order to determine the drain current, the desired single ended output voltage
swing of the VCO must firstly be specified. The tank amplitude is given by:

Viank = IpiasRp = Ipigs- Wy L. Q) (20)
The desired tank amplitude is set to Viznx = 500 mV and thus the required bias current is:

0.5mV
Ipias = ltail = 5o = 1.2mA 21)

The drain current of each FET in the VCO is half the value of the bias current, since the bias
current flows through the two VCO branches equally at DC. The remaining parameters of

Equation (19), which must be specified, are the carrier mobility:
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w, = 126 cm?/Vs

and the oxide capacitance is :

Co=C. =T 457FF/um?
oxn — “ox,p — t - f /.um

ox

Using the shown values, the W/L ratio was computed for PMOS transistor

PMOS: ¥= 536

The structure of the gm-stage is depicted in Figure 33. The definition of gm shown in
Equation (19) is a simplified model compared to the highly complex models utilized in
simulation environments. Based on this fact, the found aspect ratios of the gm-stage were
optimized in Cadence with the purpose of achieving the desired value of @m,,. The bias
current of the gm-stage was provided by a current sink that is designed as a current mirror and

this provides the I of 2.44-6.32 mA.

-
[x)
=]
=

oo - M3 1“ ”i M4
Biasing

14 l — lld

Figure 33 The configuration of the g, stage that actually is the VCO core

The optimized aspect ratio of PMOS FETs is W/L = 430 yielding a gm of 6.42 mS. As
observed, the simulated aspect ratios deviated from its hand-calculated counterpart, which

was expected due to the simplified gm equation of the MOS model.
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The final dimensions of the gm-stage FETs and their corresponding output resistances are

shown in Table 6. The drain-source conductance values of the gm-stage FETs contribute to

the LC-tank loss and the actual values were simulated and shown in Table 7. The output

resistances of the gm-stage FETs are significantly higher than the equivalent parallel

resistance of the inductor, namely Rp = 389 Q. These output resistances are added to the

inductor Rp as shown in Figure 34.

FET L W Nt Wiotal Type

MI,M2 | 0.5um | 65um,2800 ym | 1,1 65 pm, 2800 um | Pmos4
M3,M4 | 035um | 10 pm,10 um | 15,15 | 150 pm,150 pm | Pmos4
Mcont 1 um 5 um 1 Sum Nmos4

Table 6 Physical dimensions of the four gm-stage FETs

FET

gds

1/ s

M3, M4

383uS

2.61 kQ

Table 7 Output Resistance of the gm- stage FETs.

H'.". md

Ts Al )

Figure 34 The Additional of gm-stage output resistance to Ry inductor

Considering the FET output resistances, the new Rp equals:

1

42

389.Q+2*2.61kﬂ
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As observed in Equation 22, the total Rp of the LC-tank is now reduced but it does not
involve any critical consequences since the excess gain is still high enough to initiate

oscillation.
3.4 Design of bias circuitry
The purpose of designing bias circuitry is to provide current for the —Gy, circuitry and filtering

the current noise by the help of low pass filter. Ry and Cf values are 140kQ and 51 pF. The

low pass filter cut off frequency;

- =223 kH
We = 50RC z

The circuit of the designed current source is depicted in Figure 35.

T Vdd

M1 [ a2
1d1 Rf

- lr:f l
4{ " l 142

-Gm Circuit

Figure 35 Current Mirror

For the same transistor size and gate over drive voltage, 1/f (flicker) noise of PMOS
transistors is usually smaller than that of NMOS transistors in one order of magnitude [49].
For the same bias current and transconductance (gm), PMOS 1/f noise should be even lower
because a PMOS transistor has lower mobility, so it needs larger size to keep the same

transconductance compared to an NMOS transistor. In addition, a PMOS transistor has less
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hot carrier effect. Hence, PMOS VCOs can achieve better phase noise performance than

NMOS VCOs as described by the modified Leseson’s Formula [50];
L(A f k) =101 ( fo )2 FkT(1+fc)]+< oV )2
ko) =1000g G0 7) 12 T 2 )l T Gk, a7

Here, Q is the quality factor, Afis the frequency offset from the carrier, F is the noise factor, k

is the Boltzmann’s constant, T is the temperature, Py is the RF power produced by VCO, f is
the Flicker noise corner frequency, fj is the frequency of oscillation, v, is the common mode
noise voltage, k,, is the varactor gain and k; ¢ is a constant that is a function of L and C of the

resonator.

Furthermore, all-PMOS VCOs with top-biased current sources provide excellent suppression
of power supply noise and minimize noise disturbances from the current source to the
varactor through the use of ground referenced tank. In summary, an all-PMOS VCO topology
is the most appropriate one in terms of low phase noise performance because it has minimum
intrinsic and extrinsic sources of noise. Thus; PMOS VCOs have better phase performance —
approximately 4 dB in the 1/f* region or 9dB for offset frequencies from 10 kHz to 10 MHz-
than NMOS VCOs [37].

Considering the channel-length modulation, A, and assuming that Vps > Vgs — Vi, the lgcon and

l4> currents are approximately defined by [7]:

2
Idl = ZW_Lll ﬂncox(I{gS - Vth) (1 + A VdSl) (23)

2
laz = 51 HnCox(Vas = Ven) (1 + . Vas2) (24)

Then the current mirror ratio will be;

Id_2 — Wy /L, 14+AVps,
lgr  Wz/Lp 1+AVps1

(25)
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Neglecting channel moduation effect (using table 6);

lag _ Wallz o 4302
Ign  Wa/Lp — '

For 5 GHz oscillation frequency system needs 0.95 V voltage of Vcont;

con 2
Leont = 52 pinCox (Vs — Ven)™ = 51.32u4

ont —
2.Lcont

This means;

Lao = 141%43.02=2.207mA to provide the oscillation

3.5 Switched Circuitry

(26)

(27)

Recall that the purpose of the coarse tuning circuitry was providing a constant capacitance

step so that the requirements for the tuning range of the fine tuning varactor could be relaxed.

In order to achieve this functionality, the coarse tuning circuitry must be able to switch the

desired capacitance into the tank and switch it out of the tank when desired. The coarse tuning

circuitry used for this project provides this functionality and is depicted in Section 3.2.3.

The simplified model of the switched circuitry is shown in Figure 36. The FETs’ physical

dimensions, capacitor and inductor values are presented in Table 8. As mentioned before, the

desired frequency achieved by using switches’ ON/OFF states. The switch states and

frequency bands will be shown in simulation results secition.
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Figure 36 Simplified model of the switched circuitry

Component L W;e Ne | Wiotal Type Value
MI1,M2((inductor switch 1,2) | 10um | 2000 um | 1 | 2800 ym | nmos4 -
M3 (cap switch 1) Sum | 50 pm 1 50um nmos4 -
M4 (cap switch 2) 5 um 30 um 1 30 pm nmos4 -
M5 (cap switch 3) [I0pum | 50 um 1 50um nmos4 -
L1,L2,L3,L4 - - - - square 1.02 nH
Cl - - - - cmim 467.5 {F
C2 - - - - cmim | 599.94 {F
C3 - - - - cmim 1138 fF
R in cap switching circuit - - - - presistor 10 kQ

Table 8 Dimension for LC tank

46




3.6 Fine Tuning Circuitry

The accumulation-mode MOS varactors from the AMS library have been chosen instead of
IMOS varactor for tuning concept due to the best overall performance on phase noise and

power consumption [38,39].

An accumulation mode MOS capacitor that was implemented as three-terminal device is
available as a varactor (Figure 37, Figure 38). The layout of the devices is composed of parallel
connected small capacitors. The capacitance-voltage characteristics are modelled by the gate-
bulk capacitance of a PMOS transistor. In addition the subcircuit model of the varactor
contains parasitic resistors and diodes used for n-well/p-substrate junction capacitance

modeling.

PMOS SUB g : Series resitance of the MOS capacitor
Ry I"I
G O—\/VV\—| OB PMOS : the gate-bulk capacitance of a PMOS
| M0 suB transistor is used to model MOS capacitance

. between Gand B

R,1/2 - prevent the gate-bulk capacitance from

AN Dy. Hsing to Cmax in inversion

R.12 :model the series resistance of the well
Ry Ry

D12 . diodes are used to model the depletion
capacitance of the well.
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Figure 37 Subcircuit Model of Accumulation mode MOS varactor
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Figure 38 Layout of the A-MOS

Main parameters and Simulation results

Important electrical parameters were calculated using the impedance between gate and bulk

(Z=1/y11)

1

MOS Capacitance: l——

Series Resistance: R=Re(Z)=R,

Capacitance Tuning Range: Y=+ Cmax~Cmin

" Cmax*Cmin

Im(Z)| _ |_ 1 |
Re@)| | wRC

Quality Factor: Q=

Where w = 2nf (f: frequency), Re(Z) and Im(Z) are the real and imaginary part of the

impedance.

The C and R characteristics are independent of frequency. Q depends on frequency. The
strong deviation in Q-V characteristics is due to the approximation of the nonlinear series
resistance with a constant resistance. Table 9 shows measured Cp.x/Chin ratio, capacitance
tuning range and minimum quality factor for different widths of varactor that is taken from

AMS process documents. The width of the varactor that was used for the design is 158.4 um.
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W(pm) Cinax/Cinin Y (%) Qumin (at 2.4 Ghz)
950.4 3.65 57.0 79.7
633.6 3.66 57.1 58.0
316.8 3.68 57.3 42.6
158.4 3.65 57.0 41.4

Table 9 Measured C,,,,/Cnin ratio, capacitance tuning range and minimum quality factor [25]

The elements of LC tank were analyzed individually. The characteristics of a single AMS

library varactor at 5.4 GHz are shown in Figure 39 and Figure 40. This varactor has a

Cmax/Cmin about three over a tuning voltage of 2V. The quality factor has a maximum value

of 60 and minimum value of 20, depending on the tuning voltage. The differential voltage

between the varactors’ nodes in the circuit is between -1 V and 1V, in this regard the

simulations have been done in this range.

A00F _
o
3ger | /f
200 | /
188 —v—«—/l |
~1.2 3.8 1.8
ve (V)

Figure 39 Varactor capacitance value versus
voltage change

3.7 Design of VCO buffer

79

o ‘s
58 . \
39

1@ ;

iy 0.0
Vg (V)

Figure 40 Quality Factor variation with
voltage change

A buffer was typically placed between the VCO nodes and the actual load. This

implementation was done to isolate the VCO and thereby protect the VCO from the load that

otherwise would affect the VCO bias current and the VCO tank by contributing to the
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capacitance, inductance and the loss of the tank. Through affecting these parameters, the load
becomes able to influence the oscillation frequency of the VCO. The VCO load is typically
constituted by either a PA, mixer, frequency divider etc. Furthermore, a VCO output buffer is
necessary for measurement purposes on the VCO. Based on these arguments, a VCO buffer

was designed in this design.

One of the requirements of the VCO buffer is that its input impedance must be large enough
so that it does not influence the tank loss. Furthermore, it is desirable that the physical
dimensions of the buffer FETs are kept at a minimum, thereby obtaining minimum parasitic
capacitance that contributes to the tank capacitance. Initially, the buffer was designed for
measurement purposes on the VCO and due to this fact the buffer load was specified as 50 ()
in parallel. The requirement of the output voltage swing of the buffer is to keep it within

reasonable range. In contrast, no requirements were specified for the power consumption of

the buffer.

The designed VCO output buffer sketched in Figure 41. The buffer was connected to the VCO
nodes through capacitors that provided the desired AC coupling.
Vaa

i -

| Buffer
™
- i eEpalll
§ L Eie=24
L ot
-
_: I |:'rl|:||
';5'_ ba A.'IH:."- o
Y ;
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M1 i1 M2 o s ni3

Figure 41 Buffer Circuit
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Table 10 gives the buffer circuit component parameters. The current source circuit was
designed to provide 9.06 mA current for buffering operation. The value of the current was
found as there would be no clipping on the output signal for every five frequency bands.
Table 10 gives the parameters of the buffer circuit. NMOSrf and PMOSrf are AMS library

elements such as the other transistors, and their models are valid up to 6.

Component L Wi | Ne | Wiotal Type | Device Area

MI1,M2 0.35um | 8um | 5 | 40 um | nmosrf -

M3 0.35um | Spum | 1 Sum | nmosrf -
M4 0.35um | Spm | 11 | 55 um | pmosrf -
Q1,Q2 - - - - npnlll 24

Table 10 Buffer circuit component parameters

3.8 Small Signal Analysis

Designing a complementary LC oscillator requires that the available design variables should
be identified. These variables determine the specifications of the VCO submodules and
thereby directly affect the performance of the VCO. The relevant variables are specified

below.

Spiral inductor: inductance, L, and the corresponding Q-value.

Transistors: width of NMOS and PMOS FETs, Wn, Wp and the channel lengths L,, L,.

Fine tuning varactor: maximum value C,, max and minimum value C,, min.

Switch Circuitry: fixed capacitance and width of NMOS FET Wn and the channel length L,

Load capacitance: Cjnq

Bias current: bias current in the oscillator core, lpjas.
51



In this particular design, the inductor parameters are not variable since a specific inductor was
chosen for the purpose and thus the remaining design variables must be adapted to the

inductor specifications such that the desired VCO performance could be obtained.

In addition to these variables, the VCO performance was likewise affected by undesired
parasitic components that depended on the specified design variables. For instance, if the sizes
of the FETs contained in the gm-stage are changed, the values of the associated parasitic
capacitances of each FET will likewise change and thereby affect the total capacitance of the
LC-tank. Consequently, the resonating frequency of the VCO will be influenced. In order to
visualize the influence of parasitic components present in the oscillator circuit, the equivalent

circuit model of the complementary LC oscillator is depicted in Figure 42.

The simplified VCO core schematic is shown in Figure 42(a), it includes on-chip inductors and
on-chip varactors. The load (Zjq) usually is the input of BJT buffer circuits which is
capacitive. The equivalent circuit model of the VCO (with the ON and OFF state of the
switches) is shown in Figure 42(b), where the dashed lines in the middle represent either a
common mode node or ground. The symmetric planar spiral inductor model of Figure 42(c)
with identical RC loading on both terminals is used as a part of the tank model. The parasitic
capacitance of inductors is represented by Ci, which is equal to 2C+C,. Rs is the parasitic
resistance in series with inductance L. Rp represents the shunt resistance across the port and
ground. The quality factor (Q) of the L-R series combination is then given by Q =(wL)/Rs,
where o is the operation frequency. The varactors were modeled with a capacitor Cv in series
with a resistor Rv. In a similar way, output load is defined using a series combination of Cjoaq
and Rj,a. The quality factor for a capacitor (Qc) is given as Qc = 1/(wRC), where ® is the

operation frequency R is the parasitic resistance in series with capacitance C.

The parasitic capacitances of a MOS devices are Cgp, Cgs, Cqp and Cgq [40]. The series
resistance RMOS is mainly due to the substrate resistances associated with source/drain to
substrate junction (Cg,/Cs) and gate to substrate (Cgp) capacitors. Large area substrate
contacts are necessary to lower Ryjos to improve the quality factor of Cyos. gm and go are

small-signal transconductance and outputconductance of the transistors, respectively.
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A VCO small signal equivalent circuit model including models of inductors, varactors,
MOSFETs and loads is shown in Figure 42(b). This model can even be simplified as a parallel
LC oscillator model as illustrated in Figure 42(d). Four parameters are used to describe a VCO
circuit [41]: the loaded tank loss gunk, effective negative conductance -gueiive, tank inductance
Ltank and tank capacitance Ciank. Zactive are solely provided by the transistor transconductance,

where:

Yactive = Im

If Q’s of inductors and any capacitors (parasitic capacitors or varactors) are large enough

(> 4), the Link and Ceapi are approximately given as

Liank =L (inductor switch on state)

Lignk = 2L (inductor switch off state)

Ctank = Cmos + CL + Cyar + Cioqa + Cfix (28)
which;
CL=C+C,

Cya=100£-500f

Crix=1.13pF, 600fF and 460fF (Cgxchanges with the switch operations)

Cload = Cr +Cp.(1—K) = C, (29)

fi = o> 63Ghz = ﬁ > C, = 609fF (30)
Conos = 4Cyq + Cap + Cys 31)

Coa = W.Cop = 0.127F/ 1 150um = 18fF 32)

Cor = =L W = 0.127F/ (33)

ox
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Cgs = W.Cyp+2/3.W.L.Co =158 fF (34)

CdszfF

The oscillation frequency formula will be;
fOSC
B 1
27'[\/(511‘ + SZL)- (Sl- Cmos + Sv.Cvar + Cload + Si- (CS + Cp) + (511- Cfixl + 512- Cfixz + 513- Cfix3))

"_'II—><—II1J 8 Rk ikl
. . i
oad oad
f I m : RPD RpD :
" . P Inductors
] ] ]
mnmm-.lrm : iy o | o i ' on
. c F=" """ "7,
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Figure 42 VCO small signal model. (a)Simplified VCO circuit schematic, (b)the equivalent small
signal model for VCO, (c) equivalent circuit model for inductors and (d) a parallel LC oscillator
model
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The parameters that change with the operation of switches are shown at the Table 11.

Band 1| Band2 | Band 3 | Band 4 | Band5
2.2Ghz | 2.78Ghz | 3.5Ghz | 3.9Ghz | 5.7Gz

S 1 1 1 1 1
S, 1 1 0 0 0
S, 1 5 5 5 5
Si1 1 1 0 0 0
Sz 1 0 1 0 0
Si3 0 0 1 1 0
S; 0 0 0 0 0

Coanie Simulated | 2200fF | 1600 fF | 2028fF | 1634{F | 765(F
Crani calculated | 1800fF | 1300fF | 2300fF | 1900fF | 850fF

Table 11 Table for the Oscillation frequency formula

The loaded tank loss gunk 1s due to the loss of transistor output conductance (g), transistor
parasitic capacitance loss (gmos), inductor loss (gr), varactor loss (gy) and output load

l0ss (gload)- Thus,
Gtank = 9o ¥ ImosT9L + v + Ji0aa (35)

The gmos, gv, and gioad can be calculated from the general RC loss equation as g = C. w/Q,
here C is capacitance from MOS, varactor or output load, and Q¢ is their respective quality

factor. The loss from inductors g is usually the dominant term and it is,

g, = é + Ry/(Lw)? = Ry/(Lw)? (36)

if 1/Rp is much smaller than the other term, which usually is the case. The VCO operation
frequency o is determined by Link and Cenk. At desired o, the integrated VCO has to be
optimized with minimum losses of go, gmos, gL, gv and giead. In bulk CMOS technology, at

frequencies lower than ~5 GHz, the dominant loss term is g, i.e. inductor loss.
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One criterion for oscillation iS Qactive = Jiank- The transistor transconductance to satisfy this
criterion is Ommin. In order to guarantee oscillation, and also to have sufficient tank voltage
swing to lower phase noise, each transistor must have transconductance gm = K.gmmi where k

is ~ 2 — 4 [42]. If only inductor loss is included in Qiank, then

_ Rg _ 1 _ 1
Gm = k. (Lw)? k'Rs.QL2 T U Qulw

» gm = 54mAJV (37)

3.9 Layout Design

Figure 43 shows the physical layout of the Multi-band VCO. The main design approach was
reducing the parasitics and also sensitivity to parasitics. In order to minimize the even order
distortion of the output waveform, the design of the layout was created to be as symmetric as

possible.

The positive and negative oscillation nodes are the most critical nodes which must be
designed to prevent capacitive and resistive parasitic effects. The parasitics at the oscillation
nodes directly affect VCO performance parameters such as phase noise and oscillation
frequency. In order to reduce the capacitance between metal layer and substrate, the top metal
layer was used for the oscillation node connections. Also, for the oscillation node, the Metal-
Insulator-Metal (MIM) capacitances were utilized because of their higher linearity and quality
factor. It should be added that the quality factor of the inductor is dominant to determine the

overall qualityfactor of the LC tank.

The thickness of the metal layer was designed considering their current capability. Moreover,
the thicker lines increases the parasitic capacitance which probably mistunes the center
frequency. Finally, the sharp turns and corners were avoided in the RF pads to prevent the

degradation of RF signal from these regions.

The inductors, Varactors, Switch circuit array and the bias circuitry are the main subblocks of
the layout design. Two series 1.04nH inductors were utilized instead of a single 2.08nH
inductor to maintain the circuit symmetry. 2.5um thick metal layer was used to form the

spirals. The inductors were located to minimize path length as well as the magnetic effect.

56



The quality factor of the inductor, which is the most critical in the LC tank, was increased by
using thick metal layer. The quality factor of the inductor changes from 8.7 at 2.4 GHz to 11.8
at 5.0 GHz. It has maximum value of 11.9 at 4.4GHz.

Figure 43 Multi-Band Layout

The oscillation obtained at the connection node of —g;, circuitry, switched capacitance array,
AMOS varactors and inductors. So the parasitics must be eliminated as much as possible at
the VCO layout. Switched capacitance array was located between the output ports of two
inductors. Furthermore, the inductors, AMOS varactors and —g,, circuitry are located together

in a limited area to reduce the parasitics as shown in Figure 44.

Figure 44 VCO layout detail
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The layout of the Accumulation mode varactor is composed of parallel connected small
capacitors. The capacitance-voltage characteristics are modeled by the gate-bulk capacitance
of a PMOS transistor. The bias circuitry is formed by the transistors, low pass filter and by-
pass capacitance. The maximum tail current of the LC tank is 6mA providing 3mA DC
current for each branch. The poly capacitances were utilized for low pass filter and by-pass
capacitors because of having much more capacitance value than CMIM. The resistors were
formed by the second poly Si- layer of the process. Their resistance values are 140 k€ at the
Low pass filter and 10 kQ for each branch at the capacitor switch. Detailed bias circuitry is

illustrated in Figure 45

Figure 45 VCO layout detail bias circuitry.

The whole circuit has dimensions of 1.150 x 1.283mm” including RF, DC and digital pads

occupying an area of 1.477mm?’ on Si die.

3.10 Simulation Results

Only C extraction has been done for the post-layout simulations because of the limitations of
the simulator. The post layout simulation results of the VCO are presented in this section. The
frequency bands are organized as 2.27-2.51 GHz, 2.48-2.78GHz, 3.22-3.53GHz, 3.48-
3.91GHz and 4.528-5.7 GHz. First and second low frequency bands were provided by using
inductor switches in OFF state (totally 4 inductors) and two switched capacitors were used for
choosing first or second band. In the M5/M6 OFF state, the inductance that is seen from
oscillation node is (doubled) approximately 2nH. The quality factor of 1nH differential
inductor varies between 8.7 to 11.8 over 2.4GHz to SGHz. The 3.22-5.7 GHz frequency bands
are covered by two inductors (M5/M6 ON state) and three switched capacitors. The frequency

bands versus tuning range plot are shown in Figure 46.
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The VCO core draws current ranging changes from 3mA to SmA according to the frequency
bands, while the VCO buffer draws about 9mA from 3.3V power supply. Figure 47 shows the
phase noise which varies from -122 to -110dBc /Hz over 2.2 GHz to 5.7 GHz. More
importantly, the phase noise is essentially flat over the entire operating frequency band. The

performance of the multi-band VCO is summarized in Table 12.

Periodic Steady State Eesponse

W

Frequency (GHz)
u

Figure 46 Frequency tuning range of Multiband VCO

Periodic Noise Response

Phase Noise(dBc/Hz)

Relative Frequency (Hz)

Figure 47 Phase Noise performance at three frequencies for multi-band VCO
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A widely used figure of merit (FOM) [7] for the VCO is defined as,

d
FOM = L{foffset} - 20log (22— + 10log () (38)

Here, L {fomet} i1s the measured phase noise at offset frequency fopet from the carrier
frequency fy. Ppc is VCO power consumption in mW. The best measured FOM for the VCO
is - 181.16 dBc/Hz at 3.91 GHz. Table 13 summarizes the performance of state-of-the-art
wideband VCOs operating around 2.15 and 5 GHz. Power consumption of the buffer is
excluded in comparison with wideband VCOs.

Table 12 The post layout performance summary of the VCO

Band 1 Band 2 Band 3 Band 4 Band5
Viwitener (V) 33 33 0 0 0
Vwitehcz (V) 3.3 0 3.3 0 0
szitchC3 (V) 0 0 33 33 0
Vwitenrarz (V) 0 0 3.3 3.3 3.3
Ve (V) 0-3.3 0-3.3 0-3.3 0-3.3 0-3.3
Tuning Range 2.27-2.51 2.48-2.78 3.22-3.53 3.49-3.91 4.528-5.7
for Post-Layout Simulation
Simulated Frequency(GHz) 2.51 2.78 3.53 3.91 5.7
Tuning Range for Schematic 2.26-2.48 2.46-2.75 3.28-3.62 3.577-4.04 4.725-6.04
Simulation
Phase Noise (dBc/Hz) at IMHz -126.2 -124.3 -124.1 -122.5 -116.7
for Schematic Simulation
Phase Noise(dBc/Hz) at IMHz -122.5 -121.2 -121 -119.55 -110.35
for Post-Layout Simulation
Vdd (V) 33 33 33 33 33
Lycore (MA) 6.326 5.506 4.378 3.248 2.4
Output Voltage swing (V) 0.708 0.734 0.54 0.52 0.5

The output power of an oscillator is another concern in the design which was optimized for
delivering sufficient power to the following stage in the transceiver architecture. Overloading
the input of the next block is another critical design issue during optimization. The
fundamental frequency power, that is obtained from 50-Ohm terminals at the output of the
buffer, changes according to the frequency bands. The DC biasing conditions of the circuit

alter by the operating frequency bands and as a result of these conditions, the differential peak
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to peak voltage swing at the buffer output changes between 0.5 V and 0.743 V. The

fundamental output power can be observed in Figure 48 that varies between -6.087 dBm and

0.992 dBm. The second and third harmonic output power need to be suppressed for uniform

output signal. An average of suppression of -37.21 dBm in the second harmonic is shown in

Figure 49. The third harmonic level is also adequately suppressed and has an average of -47.6

dBm throughout the 2.2-5.7 GHz band as shown in Figure 50.

Table 13 Comparison with published wideband VCOs

Area
Technology(pm)/ Oscillating Phase Power forme(MHz)/fo(
Ref. Results frequency Noise(dB (mW) GHz) FOM (mm?)
(GHz) c/Hz)
N. Fong[23] 0.13 SOI 3.065-5.612 -114.6 1V*2mA 1/3.065 - 0.299
Measurement 185.8
Results
-120.8 1V*2mA 1/5.612 - -
186.6
S.Kurachi | 0.35 SiGe BiCMOS 2.67-4.27 -111 4V*5.8mA 1/4.37 0.657
[45] Measurement
Results
S.L. 0.18 CMOS 2.15-2.75 -121.45 3.88V*1.8mA 1/2.4 - -
Jang[46] Measurement 180.2
Results
4.75-4.99 -118.49 3.1V*¥1.8mA 1/4.8 - -
184.6
P. Vaananen 0.35 BiCMOS 3.3-53 -113 2.5V*14,6mA 0.6/4.4 - 1.5125
[43] Measurement 174.7
Results
J. Maget[44] 0.25 CMOS 3.28-4.11 -117 2.5V*3mA 1/4 - 1
Measurement 180.2
Results
Q.D.Bui[47] 0.18 CMOS 2.78-3.78 -126.5 1.8V*5.7mA 1/2.83 - 0.806
Measurement 185.4
Results
-122.7 1.8V*4.9mA 1/3.77 - -
184.8
This Work | 0.35 SiGe BiCMOS 2.27-2.51 -122.5 3.3V*#6.326mA 1/2.51 - 1.477
Post-Layout 177.3
Simulation Results 1
2.48-2.78 -121.2 3.3V*5.506mA 1/2.78 - -
178.3
8
3.22-3.53 -121 3.3V*4.378mA 1/3.53 - -
180.4
5
3.48-3.91 -119.55 3.3V*3.248mA 1/3.91 - -
181.1
6
4.528-5.7 -110.35 3.3V*2 4mA 1/5.7 - -
176.4
8
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The power dissipation is a key performance parameter of the VCO design and it is minimized
with proper DC bias. The HBTs, which were utilized for buffering (Q; and Q) should have
larger emitter widths (24pm?) to obtain better isolation from the measurement equipment.
Considering the biasing constraints and oscillation conditions, the VCO core draws an
average of 4.37mA from current source whereas 9mA is dissipated in the buffer circuitry. The
average current drawn from the 3.3V supply is 13.37mA, which means a DC power

consumption of 44.12mW.

According to the Table 13, the phase noise performance of the VCO in each frequency bands
are above the average of the other wideband VCOs. This work consumes less power than the
other 0.35 SiGe BiCMOS VCOs. Also, the figure of merit for the VCO has an excellence
when compared with same technology VCOs. The FOM and area abandonments are not
major concern on the overall comparison with the others, if the advantage of operating in 5

frequency sub-bands in a wideband (2.27-5.7 GHz) is taken into account.

Periodic Steady State Response

Output power (dBm)

Vtune (V)

Figure 48 Fundamental frequency output power vs. tuning voltage
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Periodic Steady State Response

Power (dBm)

Vtune (V)
Figure 49 Second harmonic output power vs. tuning voltage

Periodic Steady State Response

Power (dBm)

Vtune (V)

Figure 50 Third harmonic output power vs. tuning voltage

3.11 Measurement Results

In this part, the measurement process and results of VCO circuit, in whose the layout and
postlayout simulations have been performed by using AMS 0.35um SiGe BiCMOS

technology process and design rules, are presented.

The die, which includes the VCO of concern, a PA and some matching circuits, is shown in
Figure 51 . Die area is 6.25 mm”. The VCO circuit has nearly quarter area of the die

(1.477mm?). Much closer view of multi-band VCO could be seen from the Figure 52.
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Figure 52 The multi-band VCO part of the
chip

Figure 51 The fabricated chip

The measurement setup was prepared in order to test the DC characteristics of the VCO as
shown in Figure 53. The Multi-band operation was provided with 15 DC supply, 2 Vcc, 1
GND and 2 RF port as mentioned before in design sections. For the minimum operation, chip
needs four DC probes ( 2 Vcc, 1 Vin and 1 Vdc), and one RF probe that contains two ground
probes and one RF output. The RF ground was connected to circuit ground in layout, thereby
there is no need to connect DC ground to the circuit separately. The total current that is drawn
from 3.3 Vcc voltage of the circuit is 20 mA. This means 66 mW DC power consumption
which is reasonable when compared with the consumption in postlayout simulation (72.6
mW). Also the current of buffer circuit was measured as 9 mA while this value is 9.06 mA

according to the postlayout simulation.

Figure 53 The measurement setup
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As a second measurement setup, a package die is prepared to obtain much more exact results.
Die is mounted to the package base with a conductive material in order to connect die base to
ground as shown in Figure 54. Afterwards, pads are connected to package pins by using wire

bond technique. Much closer view of the package is presented in Figure 55. VCO pads are

connected to the pins apart from six RF probe pads.

Figure 54 Die Package Figure 55 Closer view of Package

DC supply voltages are provided by using Agilent E3631A triple output DC power supply.
Measurement setup which is consists of RF probe, board and supply voltages is shown in
Figure 56 Measurement Setup. Moreover, Figure 57 presents much closer view of the

measurement setup.

1 LTSS

Figure 56 Measurement Setup
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Figure 57 Closer view of Measurement Setup

As an measurment results, the total current that is drawn from 3.3 Vcc voltage of the circuit is
23 mA. This means 75.9 mW DC power consumption which is reasonable when compared
with the consumption in postlayout simulation (72.6 mW). Also the current of buffer circuit

was measured as 8 mA while this value is 9.06 mA according to the postlayout simulation.
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CHAPTER 4 CONCLUSION AND FUTURE WORK

This thesis presents a study on designing a multi-band multi-standard voltage controlled
oscillator and its simulation and measurement results. The target applications are wireless
local area networks (802.11 a/b/g/n WLAN) and wireless metropolitan area networks (802.16
WMAN standard). The flow of the thesis starts with researching operating frequencies of
these communication standards. After that, other important specifications such as phase noise,
current consumption, tuning range and design issues such as inductor and capacitor switch , -
Gm, buffer, LC tank circuits were formed from the published VCO papers and IEEE standard
documentations. The challenge of designing multi-band VCO is working in a wide frequency
band. As the frequency increases, the parasitics of the circuit start to dominate the operation
of the VCO 1i.e the oscillation frequency. The important part relates to wide range operation in
this thesis. For multi-band operation that starts from 2.2 GHz to 5.7GHz, a new approach
have been introduced. The idea was implementing both inductor switching and capacitor

switching circuit in the same VCO tank.

The Multi-band differential LC VCO was designed utilizing 0.35um SiGe BiCMOS
technology. Based on the post layout simulation results, the VCO can be tuned using a DC
voltage of 0 to 3.3V for 5 different frequency bands with a maximum bandwidth of 1.36 GHz
and a minimum bandwidth of 300 MHz. The designed and simulated VCO can generate a
differential output power of between 0.992 dBm and -6.087 dBm with an average power
consumption of 44.21mW including buffers. The average second and third harmonics levels
were obtained as -37.21 dBm and -47.6 dBm, respectively. The phase noise of -110.45 to -
122.5 dBc, simulated at 1 Mhz offset, can be obtained through the frequency of interest.
Additionally, figure of merit (FOM) , that includes all important parameters such as phase
noise, power consumption and division of operating frequency to offset frequency, is between
-176.48 and -181.16 being comparable with the other current VCOs. The main advantage of
this work in comparison with the other VCOs is covering 5 frequency bands starting from
2.27 to 5.76 Ghz without FOM and area abandonment. Moreover, the switching inductor and
capacitor models in this circuit were used separately in other wideband VCOs. The designed
topology, which combines switching inductors and capacitors together in the same circuit, is a

novel approach for wideband VCOs.
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The future work includes designing a new inductor that have a better quality factor and
implementing a digital circuit that controls the switches switches to reduce DC I/O pad
requirements. Also to have tuning capabilitty over DC biasing would help to search for better
operation conditions. As mentioned before, the design is started with choosing inductor from
the limited AMS inductor library. The inductor that has best quality factor and minimum
value of inductance have been chosen for multi-band VCO. A new inductor designed with
using CAD tools and modeled properly, could have a better quality factor. Hence, VCO could
have a better phase noise performance since the losses in the inductor dominates rather than
the other components in the circuit. Moreover, reducing the losses can help the circuit to work
with less current; thereby VCO could operate in the same bands with lower power
consumption. By the help of the digital part, the desired frequency band or frequency could be

provided by lower control voltages.
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