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A bstract

A phase noise reduction technique using a switched-bias circuit is presented. The switched- 

bias circuit is integrated into the bias network of a voltage controlled oscillator (VCO) and 

is implemented in 0.18/rm CMOS technology. The VCO is an LC oscillator with a center 

frequency of 1.4GHz. A review of noise sources in CMOS and state-of-the-art phase noise 

reductions techniques is discussed. The design of the switched-bias circuit, consisting of 

an NMOS switch and a lOpF MIM capacitor, and the integration of the circuit into the 

LC VCO is presented. For the exemplary VCO and switched-bias circuit presented in 

this work, simulations have shown tha t the VCO phase noise was reduced by 6dB, for 

frequency offsets between 100kHz and 1MHz.
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Chapter 1 

Introduction

This thesis discusses a circuit tha t has been implemented to reduce the phase noise in a 

voltage controlled oscillator.

1.1 M otivation

There is active interest in understanding and exploring ways to reduce phase noise in 

VCOs, especially in RF applications, as can be seen in [1-7]. It would be advantageous 

if the phase noise of a VCO used in a radio receiver could be reduced during the critical 

signal receive times. For example, if the VCO phase noise could be improved over the 

time required to receive a transm itted packet, then the system bit-error rate (BER) could 

potentially be reduced.

The motivation for this research is to explore a technique tha t allows for a noise 

reduction in a circuit during times in which a temporary reduction in noise is desired. 

This reduction is accomplished by segmenting the circuit into several sub-circuits tha t are 

connected via switches and bias retention circuitry. A VCO was chosen to demonstrate 

the switched-bias and bias retention circuitry th a t was developed as it lent itself well to 

a comparison with and without the additional circuitry. T hat is, the phase noise could 

be measured and compared for the various states of the circuitry (i.e. for a VCO with no 

additional circuitry, with the switch in the on state and with the switch in the off state). 

While the reduction in noise is not continuous, this technique could be useful for systems 

tha t have defined periods during which a reduction in noise is advantageous.

1
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1.2 O bjective

The objective of this research was to reduce the phase noise in a voltage controlled oscilla

tor (VCO) by using a switched-bias circuit which consists of an NMOS switch, and a MIM 

(metal-insulator-metal) capacitor used for bias retention. The switched-bias circuitry was 

designed in the 0.18 fj,m CMOS technology, with a 1.8V supply.

The VCO has been designed in [8] by Daniel Olszewski, and was used in this research 

to provide a baseline against which the VCO containing the switched-bias method could 

be compared. The VCO was designed to oscillate at 1.4 GHz, with a tuning range of 

approximately 17%.

1.3 T hesis O rganization

The thesis is organized in six chapters presented as follows:

Chapter 2 provides a background for the research. In particular a view of the effect 

phase noise has on a system and a discussion on other methods th a t has been researched 

in the area of VCO noise reduction is presented. This discussion is followed by a look at 

the intrinsic and extrinsic noise sources found in CMOS circuits.

Chapter 3 explores the design of the switched-bias circuit, comprised of an NMOS 

switch and a MIM capacitor. The method used to integrate this technique into a VCO 

and the design issues tha t have been addressed are presented.

Chapter 4 presents a detailed look at the design and implementation of the circuit, 

including simulations and layout. This discussion also includes a look at the simulation 

challenges encountered during the design process and how these challenges were overcome 

to obtain the simulation results tha t are presented.

Chapter 5 shows the measurement results, as well as a discussion of the printed circuit 

board (PCB) design and the test setup.

Chapter 6 concludes the thesis with a summary of the noise reduction technique and 

the simulation that were obtained from this research. Research contributions are high

lighted and a proposal for future work in this research area is presented.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 2 

Background Inform ation

2.1 S ystem  Level R equirem ents for P h ase  N oise

As stated in [9] the VCO is one of the key contributors to the overall phase noise perfor

mance in a communication system, therefore to allow the system to achieve its greatest 

potential it is im portant to reduce the VCO phase noise as much as possible. One such 

communication system tha t can be affected by phase noise is the global system for mobile 

communication (GSM).

As defined in [10] GSM is a globally accepted standard for digital cellular communica

tion. It uses a narrowband time division multiple access (TDMA) system. A GSM network 

consists of three major systems: the switching system (SS), the base station system (BSS), 

and the operation and support system (OSS). GSM uses a full duplex communication in 

three frequency bands: 900MHz, 1800MHz and 1900MHz, with a channel bandwidth of 

200kHz.

GSM was chosen as a system level example for this research due to its stringent 

phase noise requirements. From [11] the phase noise specification for a voltage controlled 

oscillator in GSM system, at a 600kHz offset, is determined to be -121dBc/Hz. This value 

assumes a needed signal to noise ratio (SNR) after down conversion of 9dB, and states 

tha t the minimum GSM signal level to be detected is -102dBm.

The phase noise of several LC oscillators was reviewed, and the phase noise for each 

one is listed in Table 2.1. In addition, this table also compares the power and complexity 

of each design. Table 2.1 gives the reader a sense of the measured LC oscillator phase

3
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4

noise values reported in recent literature. The complexity is measured in terms of the 

number of transistors required, and is considered relative to the other designs presented. 

A downwards arrow indicates a simplified circuit, a side arrow indicates no additional 

circuitry, and an upward arrow indicates a VCO with additional circuitry. It can be 

seen tha t by using the typical LC oscillator design, the GSM specifications will not be 

automatically met. For example, the LC oscillators presented in [12,13] presently could 

not be used for a GSM system as they are, but would require some some extra circuitry 

or techniques to lower the phase noise. The oscillator presented in [2] does meet the 

specifications, but does not leave any room for a margin of error. Therefore these designs 

could benefit from a method to reduce phase noise, allowing them to better meet the 

GSM system requirements.

Table 2.1: Comparison of LC oscillator phase noise performance
Ref. Technology C enter

Frequency
P h ase N oise  

at offset
Pow er

D issipation
C om plexity

[2] 0.25pm
CMOS

1.8GHz -121dBc/Hz 
at 600kHz

6mW 1

[14] 0.25pm
CMOS

1.6GHz -98.5dBc/Hz 
at 400kHz

59mW T

[12] 0.35pm
CMOS

6.53GHz -98.4dBc/Hz 
at 1MHz

18mW T

[13] 0.35pm
CMOS

2.6GHz -HOdBc/Hz 
at 5MHz

26mW <—>

[11] 0.4pm
CMOS

900MHz -108dBc/Hz 
at 100kHz

9mW >

[15] 0.5pm CMOS 
CMOS

900MHz -HOdBc/Hz 
at 200kHz

6.6mW i

[16] 0.6pm
CMOS

1.8GHz -llOdBc/H z 
at 500kHz

Not
Reported

For the case of LC oscillators tha t already meet the GSM specifications, such as the 

one presented in [11], a further reduction in phase noise would also be beneficial. The 

reduction in VCO phase noise could be applied to help minimize power requirements in 

other areas of the system.

The relationship between bit error rate (BER) and phase noise was examined in [17],
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Effect of phase nois* on th# LO signal
! ! ! ; i ! sy; \ \  h  n ; t  * ? i m 1 g  r f yyiTryyrrrr vr f f rr  r r r r?

mSmumirnrrrrmYm* {j f ?t i? s.i!! i h?»

r t u n  • ? t r r r r rI 'HTii!  v. i m  ' j n  n  f r» r*. r r f f i  n i n

l ! l i fr?ffrrfrt fln tf j |! it 11 ff f ??r rrri*nill! * 1!!!!! Iff

^ ts * j*;? v.is t: |:»!J??frrr}T,|*s*j, ;

time*
nto 3/4 

mmmwm

? t : n t  j w rjjrr rr r r i’n 7!!" I"?!’ ! : ! i n i u ’frr f r r rn i i 'i ; ! ! ! ! :! !?  S J iV .in i l l

SNR [dB]

Figure 2.1: Relationship between BER and phase noise as shown in [17], with B=10kHz. 
This figure is reproduced with permission from the IEEE and Come et al., “Impact of 
front-end non-idealities on bit error rate performance of W LAN-OFDM transceivers” , 
IEEE Radio and Wireless Conference 2000; ©  [2000] IEEE.
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and this relationship is plotted in Figure 2.1. In this research, the phase noise power 

density function (PDF) of a frequency synthesizer (FS) signal was approximated by a 

Lorenzian function with uniform phase distribution at a frequency, f [17]. The relationship 

defined by [17] is given by equation,

<211)
where f is the frequency, K is the to tal integrated phase noise, B is the -3dB bandwidth, 

and L0 is the noise floor, which was set to 35dB above the therm al noise. Figure 2.1 shows 

tha t as the phase noise, K, increases, the BER also increases, illustrating the link between 

these two performance measurements.

The next section deals with other techniques tha t have been published to reduce phase 

noise in VCOs to provide the reader with some insight into other methods being researched 

in this area.

2.2 Techniques U sed  to  R educe P h ase  N oise  in V C O s

2.2.1 Elim ination of the Bias Circuit in a VCO

An interesting technique tha t has been reported to reduce phase noise involves removing 

the bias circuitry completely from the VCO circuit. This technique is discussed in [18]. 

A comparison was made between a LC-tuned voltage controlled oscillator (VCO) which 

contained a biasing network formed using a current mirror to produce the tail current, 

and a VCO which removed the tail current generator and placed the bias point to ground. 

The two circuits, as given in [18], are shown in Figure 2.2 and Figure 2.3.

As discussed in [18], by removing the bias network, it was expected tha t the VCO 

should show a lower phase noise, as the 1/f3 noise of the oscillator without the current 

generator can only originate from the flicker noise of the MOS transistor switches. It 

is explained in [18] tha t “the switches operate in triode region for large portions of the 

oscillation period and therefore exhibit lower current flicker noise than the tail transistor
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M1 M2

Vout-Vout+

M4IM3

|M6 M 5|

Figure 2.2: Schematic of the VCO containing a bias network to generate a tail current, 
as depicted in [18].

M l M2

Vout+ Vout-

M4M3

Figure 2.3: Schematic of a VCO without a bias network, as shown in [18].
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tha t continuously operates in saturation.” In addition, switched MOS transistors are 

known to have lower flicker noise than transistors biased in the stationary condition, 

which has been shown in [19].

It is discussed in [18] tha t the flicker noise of the switches was modelled by a voltage 

generator in series with the gate of each device. It is stated in [18] th a t this noise is in 

principle sampled by an impulse train at 2u>o, at the zero-crossing instants. As a result, 

the noise component at u)m produces drain current tones at (2nuo ±  u>m ) for n= ...,- 

1,0,+1,... . It is stated in [18] tha t “the slow component of this current at u>m modulates 

the bias voltage of the varactors. The oscillation amplitude is not affected because it 

is limited by the power supply.” As a result, only the common-mode modulation to 

frequency modulation (CMM-to-FM) conversion mechanism of noise can take place using 

this topology. It was shown in [18] tha t the omission of the bias current generator from 

the oscillator resulted in a reported close-in phase noise improvement of 10 dB when 

compared to the same oscillator which contained the bias current generator.

A disadvantage encountered with this technique discussed by [18] is tha t the removal of 

the current source results in a higher sensitivity of the frequency with regards to the volt

age supply (which is sometimes referred to as frequency pushing). In [18] it is suggested 

tha t this effect can be reduced through the use of a supply voltage regulator. The VCO 

without the bias generator required a higher power consumption in comparison to the 

oscillator with a bias generator (2.9mA compared to 2mA), however this balanced with 

the reduction in phase noise resulted in an improved typical figure of merit of the oscilla

tors, which was defined in [18] as the product of the phase noise times power consumption 

(using 10kHz and 3MHz offsets).

This technique shows that the bias network does have an impact on the phase noise 

of a VCO, as will be further shown within the switched-bias technique discussed in the 

next chapter of this thesis.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9

2.2.2 Filtering N oise

Filtering of noise as described in [7] has been shown to reduce phase noise in an LC 

oscillator. In this technique a top-biased VCO is presented with a noise filter which is 

made from a capacitor and inductor, as shown in Figure 2.4. In [7] it was determined 

tha t for the current source tha t sets the bias level of the VCO only, the thermal noise 

in the current-source transistor around the second harmonic of the oscillation frequency 

causes phase noise. In addition it was observed tha t a high impedance at the tail is only 

required at the second harmonic to stop the differential-pair FETs in triode from loading 

the resonator. To combat the phase noise, a noise filter consisting of a capacitor and 

an inductor was designed. In [7] it was determined tha t “placing a large capacitor in 

parallel with the current source resulted in a shorting of the noise frequency around 2u>o 

to ground.” This statem ent means tha t the noise frequencies around 2loq were able to 

be suppressed using the technique presented in [7]. To achieve a higher impedance, an 

inductor was inserted between the current source and the tail. In [7] the inductance value 

was chosen to be in parallel with the capacitance at the common source of the differential 

pair, and so tha t it would resonate at 2u>o.

To further improve the design, a top-biased differential LC oscillator was designed 

in [7]. In this configuration, the current source is connected from the positive supply to 

the center tap of the differential inductor. This leads to a circuit th a t is more immune 

to substrate noise because the current source is placed in an n-well rather than in the 

substrate. As well, it is stated by [7] tha t the top-bias oscillator upconverts less flicker 

noise into phase noise.

The result from the fabricated chip with the filtering, as shown in Figure 2.5, indicated 

tha t there was an 8-dB improvement over the oscillator tha t did not contain the filter 

method. The measured phase noise 3MHz away from the 1.2GHz oscillation frequency 

was -152 dBc/Hz [7].

The capacitor size required for this technique was a 40-pF MIM capacitor. This is 

four times larger than the lOpF MIM capacitor used within the switched-bias technique 

discussed in the next chapter of this thesis. The switched-bias technique does incorporate
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Figure 2.4: Top-bias VCO noise filtering technique introduced in [7].
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Figure 2.5: Measurement results comparing the top-bias VCO both with and without the 
noise filtering technique as shown in [7]. This figure is reproduced with permission from 
the IEEE and Hegazi et al., “A filtering technique to lower LC oscillator phase noise” , 
IEEE Journal of Solid-State Circuits; ©  [2001] IEEE.

the idea of using a capacitive filter to reduce the phase noise in terms of the bias retention 

element which is in the form of the lOpF capacitor and helps in part to filter some of the 

noise from the bias network.

2.2.3 Using Topology to reduce noise

Focusing on the topology of the oscillator is another technique tha t has been used in the 

past to reduce phase noise. For example, LC oscillators have been shown to have lower 

phase noise than ring oscillators, as was discussed in [20]. The LC oscillator topology has 

also been further explored to try  to further reduce phase noise as can be seen in [20-23]. 

The LC topologies have varied from a cascade coupling topology forming a quadrature 

VCO that can overcome IQ mismatch, as shown in [21] to a cross-coupled LC oscillator 

that uses on-chip spiral inductors and junction varactors in the resonance LC-tank, as 

presented in [20]. A summary of the phase noise results for several low-phase noise LC 

VCO topologies are presented in Table 2.2. Each topology will be discussed in more detail 

within this section.

No filter

1K 10K 100K 1M 10M
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Table 2.2: Comparison of LC oscillator topologies used to reduce phase noise (PN). In 
terms of the change in phase noise, a down arrow indicates a decrease in phase noise was 
reported.________________ ______ _______________________ ______________ __________

T opology
D escription

Ref. Technology C enter
Freq.

P N  
at offset

P N
Change

Cross-coupled LC VCO 
using on-chip spiral 
inductors and junction 
varactors in the 
resonance LC-tank

[20] 0.18/rm
CMOS

2.4GHz -100.2dBc/Hz 
at 100kHz, 

-131.4dBc/Hz 
at 3MHz

1

Cascode coupling; 
new quadrature VCO

[21] 0.18/rm
CMOS

6GHz -115dBc/Hz 
at 1MHz

Not
Reported

LC VCO; uses series 
combination of a 
bondwire inductor and 
a spiral inductor. 
Tuning element is a 
MOS varactor instead 
of a p-n junction

[22] 0.35^m
CMOS

1.3GHz -119dBc/Hz 
at 600kHz

Not
Reported

LC VCO with negative 
resistance formed 
using a double-cross 
connection with an 
NMOS and PMOS 
differential pair

[23] 0.18/rm
CMOS

5.8GHz -115dBc/Hz 
at 1MHz

I
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In [20] a completely integrated 2.4GHz low-power low-phase noise VCO was imple

mented as shown in Figure 2.6. This implementation is a cross-coupled LC VCO using 

on-chip spiral inductors and junction varactors in the resonant LC-tank. The VCO-core 

draws 1.5mA of current from a 1.2V supply. The attractiveness of this method is shown by 

the results presented in [20] which dem onstrate an excellent phase noise performance over 

recently reported results [24-27] while still achieving a lower power dissipation through a 

wide range of offset frequencies. The disadvantage of this topology is tha t it requires two 

spiral inductors which must be optimized, and require a large amount of area relative to 

the rest of the circuit.

DD

TUNE

C1 C2
M4 M6

OUT+ OUT-
M2M1M5 M7

M3 R2
BIAS

Figure 2.6: Low-power, low-phase noise VCO as presented in [20].

In [21] low-power and low-phase noise were achieved using a cascode coupling topology 

for a quadrature VCO. The total power consumption for the complete circuit (including 

the two VCO-cores and two VCO-buffers) was 18mW. This design achieves maximum
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signal swing by eliminating the current source, which also helps reduce phase noise. How

ever, the disadvantage in omitting the current source is the increased sensitivity to the 

power supply noise, which was addressed by using a cascode coupling configuration. The 

main disadvantage of this technique is its level of complexity, as it requires implementing 

two VCO-core and buffer circuits (see Figure 2.7) instead of a single circuit. Not only 

does the second VCO increase the complexity of the design but it will also increase the 

area required to implement this design.

Vdd Vdd

M12 M16M11 M15

M3 M7M4 M8
Vctrl

C3C2 C4

QN JH

M2l M6M1 M5

M9 M13 M14M10

Figure 2.7: Quadrature VCO schematic proposed in [21].

An LC VCO which uses a series combination of a bondwire inductor and a spiral 

inductor is presented in [22], and shown in Figure 2.8. In this design the tuning element 

is a MOS varactor instead of a p-n junction. The advantage stated by [22] of this design 

is that the use of the MOS varactor allows for a larger tuning range for a given applied 

voltage, when compared to the use of a p-n junction for the tuning element. In addition,
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the quality factor of the composite inductor used is shown to be higher than th a t of a 

spiral inductor. Lastly, the research in [22] has shown tha t the C-V characteristics of the 

MOS varactor results in a smaller variation of the VCO gain for a given tuning range, 

as the MOS varactor is intrinsically more linear than a p-n varactor. The disadvantage 

of the design is tha t if only bondwire inductors are used, the phase noise will be heavily 

dependent on the quality factor of the varactor. As the MOS varactors allow a high 

tuning range within a small voltage range, the result is tha t the VCO gain can become 

excessively high, especially for high oscillation frequencies. This can be a problem, as 

discussed in [22], because of the high sensitivity to the varactor control voltage tha t 

results, and leads to the result tha t any noise coupled to the varactor control electrode is 

translated into a large phase noise at the oscillator output. Extra circuitry in the form of 

a fixed value capacitor would be required to try  and rectify this problem.

The last research work tha t will be considered in this section is the work discussed 

in [23]. An LC VCO with negative resistance formed using a double-cross connection 

with an NMOS and PMOS differential pair was presented in [23] and is shown in Figure

2.9. The total power consumption for this design is 6.23mW. This design achieves a 

superior phase noise in comparison to previous works, while still having a very low power 

consumption. A drawback for this configuration is the large parasitic capacitance of the 

PMOS which results in a decrease in the tuning range. In addition, the use of multiple 

inductors will greatly increase the chip area required to implement the design on chip.

In addition there has been work done at a system level to reduce noise. In [28] a method 

using correlation and a precise phase stabilization technique is discussed, while [29] focuses 

on the idea of VCO realignment to reduce phase noise.

While these methods do result in a reduction in phase noise they have a narrow focus 

in tha t only a particular topology is considered. The research presented in this thesis 

investigates a general technique to reduce phase noise in VCOs. The details of this 

research will be discussed in the next chapter.
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V d d

Bondwire Bondwire

Spiral Spiral

C2

Vout-Vout+

Vctrl

M l X Z  M2
DD

Iin

M4 M3

Figure 2.8: LC CMOS VCO given in [22], The inductor is realized as the series combina
tion of spiral and bondwire inductors.
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M3 M4

C2

Vout-Vout+ Vctrl

M6M5

M2M1

Figure 2.9: Schematic of the LC VCO with negative resistance as shown in [23].
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Intrinsic noise is noise tha t arises within a circuit. Complementary Metal Oxide Semi

conductor (CMOS) circuits have several intrinsic noise sources th a t must be considered 

when designing a CMOS circuit. Two of the main noise sources are therm al noise and 

flicker noise, which will be further elaborated on in this section. The main model used to 

model thermal and flicker noise in a transistor is shown in Figure 2.10.

V (f )

- © — I d > (f)

Figure 2.10: Intrinsic noise sources for a MOSFET in the saturation region of operation.

2.3.1 Thermal N oise

As stated in [30] the thermal noise in the channel of a MOSFET in saturation is given by 

equation,

Iltg  =
2gr, (2.3.1)

where k is Boltzmann’s constant, T is the temperature in Kelvin and gm is the small- 

signal transconductance at the bias point.

However, as the derivation of thermal noise for a transistor depends on its mode of 

operation, if a transistor is in the triode region the thermal noise is given by equation, .

l l t 9 = ^  (2.3.2)
Tds

where k is Boltzmann’s constant, T is the temperature in Kelvin, and r^  is the channel 

resistance [31, pp.200-201].
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The focus of this thesis is on reducing the close-in phase noise of a VCO through 

the integration of switched-bias circuit into the bias network of the VCO. As therm al 

noise dominates a larger offset frequencies (refer to Figure 2.13), it will not be considered 

further in this thesis.

2.3.2 Flicker N oise

The flicker noise (also known as 1/f noise) in MOSFETs can be determined by the rela

tionship shown by equation

v ’ i f ) = w i k n  (M '3)

where K is a constant which depends on device characteristics, W and L are the 

transistor’s width and length, respectively, C ox is the gate capacitance per unit area, 

and f is the frequency [31, pp.200]. This equation for flicker noise uses the model of a 

voltage source in series with the MOSFET gate, as was shown in Figure 2.10 and defined 

in [31, pp.200].

As can be seen from (2.3.3), the flicker noise is inversely proportional to the transistor 

gate area, W xL; therefore larger devices generally have less flicker noise. As discussed in 

[31, pp.200] flicker noise is im portant in MOSFET circuits because it generally dominates 

at low frequencies. The relationship between phase noise and frequency is shown in Figure

2.13.

2.4 CM OS E xtrinsic N oise  Sources

Many present day chips contain both analog and digital circuitry. This can lead to 

extrinsic noise problems, which, as discussed in [32, pp.28-29], can be defined as the 

disturbances which are caused by the natural operation of neighbouring blocks in the 

circuit tha t appear in other parts of the circuitry. It is usually the switching of digital 

circuitry tha t interferes with the more sensitive analog circuits. The two main ways 

presented in [32, pp.29] tha t switching noise is coupled to other circuitry is through the
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power supply and substrate channels. In addition, the bias network can be considered 

external from the main circuit, and it also couples in noise. The bias is an extrinsic noise 

source that will be the focus of this thesis.

2.4.1 Power Supply N oise

As mentioned in [32, pp.29-30] the connections required to join an integrated circuit to  

an off-chip power and reference node introduce a finite impedance between the circuitry 

and the on-board supply’s power (VDD) and ground (GND) terminals, as can be seen in 

Figure 2.11. As stated in [32, pp.29] when the digital circuit sources/sinks current from /to 

the rails a transient is induced on VDDon- c/iip and GNDon-c/jj,, due to the resistive (IR) 

and inductive (d i/d t disturbances) voltage drops. Any signal or noise on the supply lines 

will couple into the active circuitry through stray capacitances and the gain of the bias 

network and will be amplified by the active circuitry. These unwanted signals are noise 

and degrade the circuit’s performance [33].

V D D _ o ff_ ch ip

'DD o n _ c h ip  substrate V D D _on  c hip]

A N A LO G

T . . . T

D IG ITA L

jGND _ o n _ c h ip G N D _on_

bund wiie

|  G N D _ o ff_ ch ip

c h ip j

Figure 2.11: Diagram showing a mixed-signal chip which indicates the on chip and off 
chip supply voltages, which are connected by bondwires, as presented in [32].

It is desirable to try and minimize the noise that is coupled into the circuitry. By 

design, in digital logic circuits are largely immune to the variations they introduce on 

the supplies [32, pp.31]. However, this is generally not the case with standard analog 

circuits. There are several methods tha t are used to help reduce the amount of supply
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noise seen by the analog circuitry. The main techniques include isolating the analog and 

digital blocks from each other, reducing the switching noise in the circuit, and designing 

noise resistant circuits.

One approach to isolate the analog and digital circuitry is to have separate power 

pins for each block. However, there is still capacitive coupling between the on-chip power 

grids and inductive coupling between the off-chip bondwires. An alternative method to 

improve isolation is to increase the number of power and ground pins. This lowers the 

effective inductance of the off-chip VDD and GND, but does increase the complexity of 

the packaging. In addition, coupling capacitors should be placed between the on-chip 

VDD and GND pins. This helps reduce the amount of noise introduced on the lines. As 

discussed in [32, pp.32] when a noise current passes through one bondwire some of it will 

be routed by the capacitor into the other pin, thus splitting the effect of the noise.

Another common approach to reducing the impact of noise in an integrated circuit is 

to use a differential configuration. W ithin a limited region of operation this configuration 

allows fluctuations on the rails to excite the circuit in a common-mode fashion only. This 

property degrades as the input swings on the gates increase (resulting in an unbalanced 

circuit) or due to mismatch between the devices. Also, this approach is generally less 

useful at high frequencies due to the effect of parasitics.

2.4.2 Substrate N oise

The noise tha t results from the switching of the transistors is also injected into the sub

strate. The substrate noise can influence the noise in the bias circuit, and it can be 

coupled into the bias lines. Methods, such as those suggested for the power supply noise, 

can be used to help reduce the effect of the substrate noise when designing analog and 

digital circuits.

The effect of substrate noise on VCOs was studied in detail in [34]. The study presented 

in [34] showed tha t “the phase noise of a VCO is adversely affected by substrate noise. 

In the extreme, the VCO can lock to the substrate noise.” T hat is, if the noise is large 

enough close to the VCO’s tank resonant frequency, then there is the potential the VCO
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will lock on the substrate noise, which is offset from the VCO’s required center frequency. 

It has been shown in [34] tha t guard rings can be used to “effectively attenuate substrate 

noise at lower frequencies” but th a t “their effectiveness degrades at higher frequencies due 

to circuit parasitics.” In [34] it was shown that, at 900MHz, 25dB of isolation could be 

obtained, while the isolation was reduced to lOdB at 5.2GHz. Therefore substrate noise 

continues to be a problem for mixed-signal design. Though there was no digital circuitry, 

besides the switch in the switched-bias circuit, included on the chip with the VCO, the 

design practices mentioned in subsection 2.4.1, such as using multiple ground and power 

supply pads, was still followed to help reduce the amount of substrate noise appearing in 

the VCO.

2.4.3 Bias N oise

A source of noise in analog circuits comes from the active and resistive components con

tained in the bias generation circuitry. As mentioned in [18] even low frequency noise 

(for example flicker noise) produced in the bias circuitry can have an adverse effect on 

the operation of high frequency circuits, such as VCOs. When the bias reference circuit 

is located far from the biased circuit, noise can be coupled into the bias supply line and 

consequently into the biased circuit. If the bias generation circuitry provides a reference 

current tha t is scaled upwards through current mirroring, the contributed noise is also 

scaled upwards.

While differential structures can reduce the effect of bias circuit noise, circuits under

going large signal operation, such as VCO circuits, are still adversely affected.

2.5 k T /C  N oise

As defined in [35, pp.723-724] kT /C  noise is the noise associated with the gate capacitor 

of a MOSFET. In [35, pp.723-724] it is stated tha t the maximum RMS output noise th a t 

can be generated from a simple RC circuit is given by equation,

V k T / C  (2.5.1)
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where k is Boltzmann’s constant, T is the temperature in Kelvin, and C is the capacitor 

value. This type of noise is often discussed with regards to Sample-and-Hold circuitry, 

which has a similar setup to the circuitry used for the switched-bias method discussed in 

this thesis. Figure 2.12 shows how kT /C  noise can occur in a circuit.

CLK

_I_

Figure 2.12: Model of kT /C  noise in a circuit.

The MOSFET shown in Figure 2.12 can be thought of as a resistor (when the MOSFET 

is turned on), which allows for the addition of the RMS noise source in series with the 

output of the capacitor. The noise can be considered to be a sampled voltage onto the 

capacitor each time the switch is turned on [35, pp.723-724]. From [35, pp.723] it is seen 

that the RMS noise generated when using a lp F  capacitor is 64/TV, while a lOOfF capacitor 

results in a noise voltage of 200/rV. This indicates tha t the larger the size of the capacitor, 

the smaller the noise voltage sampled on the storage capacitor. For this particular thesis, 

a lOpF capacitor was used, which, assuming a tem perature of 300 degrees Kelvin, and 

using the equation above, the kT /C  noise is found to be 20.3/rV. As stated in [30], kT /C  

is related to therm al noise as is really a “repackaging of therm al noise.” As was previously 

mentioned in the therm al noise section (section 2.3.1) the focus of this thesis is on close-in 

phase noise, and as a result the kT /C  noise will not be further considered as it relates to 

the thermal noise and the thermal noise floor, which dominate at larger frequencies.

However, there is a trade-off between speed and noise when it comes to high-speed 

systems, as smaller capacitors require less time to charge. Therefore, as mentioned in [35, 

pp.723], this tradeoff between high-speed/low-noise must be made when selecting the 

capacitor size.
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2.6 P h ase N oise

For VCOs one of the main performance measurements is phase noise. Phase noise (PN) is 

defined in [36, pp.246] as “any noise th a t changes the frequency or phase of an oscillator 

waveform.” Phase noise is given in [36, pp.246] by “PN =  Po/N 0, where P 0 is the power in 

the tone at the frequency of oscillation and No is the noise power spectral density at some 

specific offset from the carrier. Phase noise is generally measured in dBc/Hz” [36, pp.246]. 

It is also stated in [36, pp.246] tha t “is desirable to reduce phase noise because phase noise 

results in power in the ‘skirts’ tha t form around a desired frequency. The result is tha t 

these ‘skirts’ can result in a reduction in the accuracy of measurements tha t depend on a 

frequency reference” .

Phase noise is im portant in a VCO, for example in a radio receiver as mentioned 

in [37, pp.271], because the phase noise in the local oscillator will limit the immunity 

the receiver has against nearby interference signals. The phase noise in an oscillator may 

overwhelm nearby weak channels. As discussed in [37, pp.272] this is due to the fact th a t 

the “phase noise spectral density grows directly with the transm itted signal power, and 

at a given point in space, the noise sidebands of a strong transm itter may be greater than 

another weaker signal occupying the same frequency.”

2.6.1 Leeson’s Equation

Leeson’s equation has historically been a generally accepted method for determining phase 

noise. The noise prediction using Leeson’s model is based on the time-invariant properties 

of the oscillator, such as the resonator Q, the feedback gain, the output power, and the 

noise figure.

Leeson’s phase-noise equation, as defined in [38, pp.18-19], is given by equation,

L  (Aw) =  10 log
Awi/ /3

|Aw|
+  1 (2 .6 .1)

where L{Aw} is the single sideband (SSB) noise spectral density in units of dBc/Hz, 

k is Boltzman’s constant, T is tem perature in Kelvin, P sis is the oscillator signal power,
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Wo is the oscillation frequency, and Aw is the offset from wq . The quality factor Q is the

loaded Q of the oscillator resonator, F is the noise figure of the oscillator, and Aw^ is
/ / 3

the corner frequency between the 1/f3 and 1/f2 regions.

In Leeson’s model g is equal to the 1 /f noise corner frequency of the device.

However, in practice, as stated in [38, pp.20], A i s  rarely equal to the 1 /f noise
/ / 3

corner of the device. In addition, the noise figure of an oscillator is extremely difficult to 

predict, therefore the factor F is in reality a correction factor tha t can only be determined 

by the measurement of the phase noise spectrum of the oscillator. Since F and Au^ 

must generally be measured from the oscillator spectrum, it makes it difficult to use

(2.6.1) to predict methods to reduce phase noise. However, this method is can be used as 

a starting point to predict phase noise.

~1/f
Thermal Noise Floor

fm('og)

Figure 2.13: Illustration of the phase noise versus frequency relationship. The flicker noise 
is shown by the 1/f3 portion of the plot.

The shaded area shown in Figure 2.13 shows the range of offset frequencies th a t were 

concentrated on during this research. The switched-bias technique is directed towards 

reducing the amount of flicker noise within phase noise by disconnecting a portion of the 

bias network. The bias network is made up of MOSFETs which contribute flicker noise 

to the overall phase noise, therefore by removing MOSFETs from the circuit, the overall 

phase noise should decrease.
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• This chapter described the role of phase noise within a system, and how it relates 

to bit-error rate (BER).

• Next, the focus shifted to a discussion on various techniques th a t have been proposed 

in literature to reduce phase noise in VCOs.

• A brief overview of intrinsic and extrinsic noise sources tha t affect MOSFET circuits 

was presented.

• Lastly, a definition of phase noise and Leeson’s equation were discussed.
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Chapter 3 

Sw itched-B ias M ethod  and  
Im plem entation

3.1 Sw itched-B ias M eth od

3.1.1 Overview of the Switched-Bias M ethod

As discussed in [2] a VCO can be constructed using a differential pair and an LC network. 

Biasing circuitry is used to ensure tha t the transistors remain in the correct mode of oper

ation. However, the biasing circuitry also generates noise which is coupled into the main 

circuit, reducing the VCO’s overall performance. For applications where the output can 

be sampled, it may be beneficial to disconnect the biasing network around the sampling 

time, resulting in lower effective noise value. Temporarily removing the biasing circuitry 

should not negatively impact the operation of the circuit.

The idea of segmenting circuits into bias control, bias retention, and processing ele

ments is illustrated in Figure 3.1. In Figure 3.1 the elements are connected with idealized 

switches, enabling the elements to be selectively disengaged from the overall circuit. In 

this particular illustration, a bias retention element is directly connected to each process

ing element. Alternatively, the bias retention elements could be switched from both sides 

and completely disengaged from the processing circuits.

27
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Biasing Circuit 1
Switch2

S w it c h l  v \  Sw itch3

Circuit 2

Figure 3.1: Diagram illustrating the circuit segmenting method. The elements are con
nected with idealized switches and the capacitors implement the bias retention elements.

3.2 Im plem entation

3.2.1 Switched-bias circuit

The switched-bias circuit consists of an NMOS switch, and a MIM (metal-insulator-metal) 

capacitor used as the bias retention element. The switching and bias retention elements 

are shown in Figure 3.2. The capacitor, C2, holds the charge when the switch is opened. 

Due to charge leakage at the bias retention node, the bias voltage will tend to change with 

time. The size of the storage capacitor and the frequency at which the bias voltage is 

reset to a level within operational specifications influences the variation of the bias voltage. 

The basic relationship relating current, capacitance and voltage is used to determine the 

size of the capacitor required as the bias retention element. The derivation is given by 

equations (3.2.1) to (3.2.5), as shown below:

(3.2.1)
o

V  (t) — Vq +  — (ileakt) (3.2.2)
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(3.2.3)

C  ■ folk
(3.2.4)

  “leafc
-  A F  • f clk

(3.2.5)

where i(eafc is the leakage current, which is assumed to be constant, AV is the bias 

variation allowed at the bias retention node, V0 is the initial voltage and is assumed to 

be zero, C is the capacitance, and f ^  is the frequency at which the switch is toggled.

It should be observed tha t in reality the leakage current will not be constant, but this 

calculation was used to obtain a rough estimate of the capacitance value, C2, required 

in the circuit, and simulations were done to verify the value obtained from (3.2.5), as 

will be discussed in subsection 3.2.2. A lOpF capacitor was chosen for the switched-bias 

circuit implemented in the VCO. This value was calculated assuming a 1MHz switch clock 

frequency, a voltage variation of 3mV, which was obtained from simulations, and a 30nA 

leakage current. The leakage current is much higher than what is expected for an analog 

circuit, which, from [39], is expected to be within the pA range. However it was desired 

to overestimate the leakage to ensure a sufficiently large capacitor was used to hold the 

bias voltage value at the required level.

The voltage variation at the charge retention node is a function of time. The voltage 

can be reset when it crosses a threshold level, or it can be periodically reset, in order 

to restrict the variation to an acceptable range. Periodically resetting the retention node 

voltage is similar to the techniques used in DRAM circuits to periodically refresh the data 

held on storage capacitors. The duty cycle used for the voltage reset phase does not have 

to be 50%. The clock pulse duration needs to be long enough to allow the voltage reset 

to occur, but should not be so long in duration th a t the amount of noise coupled to the
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Figure 3.2: Switching and bias retention elements. M9 is an NMOS switch, M10 is a 
dummy switch used to reduce charge injection, and C2 is the bias retention element.

VCO is unnecessarily increased. An illustrative clock frequency of 1MHz was used for the 

VCO presented in this thesis to achieve the balance mentioned above.

As the switch element was implemented using an NMOS pass transistor, charge in

jection should be considered. To reduce this problem, a dummy switch, M10, was used 

in series with the main switch, M9, as shown in Figure 3.2. The dummy switch is con

trolled by an inverted version of the clock signal. As half of the channel charge is injected 

towards the dummy switch, M10, when M9 turns off, M10 is made half the size of M9. 

Although M10 is effectively shorted, a channel can still be induced by applying a voltage 

on the gate. As shown in [35, pp.722-723], this fact allows the charge injection of M9 to 

be essentially matched by the charge accepted by M10, cancelling the net charge injection 

to the susceptible signal processing element.

3.2.2 Switch and Capacitor Sizing

Three possibilities were considered for the switch used in the switched-bias circuit. The 

choices using typical MOSFETs consisted of an NMOS switch, a PMOS switch, or a 

transmission gate. The benefits of using a CMOS switch as described in [35, pp.719] 

include tha t fact tha t under DC conditions, the gate of the MOSFET does not draw 

current, therefore the gate control signal does not interfere with the information being
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passed through the switch. From these three options an NMOS switch was chosen as it 

required the minimum amount of area and complexity of the three switches. Simulation 

results presented later in this thesis indicate tha t the addition of the switch and bias 

retention circuitry had a low impact on the overall phase noise. However, if area was not 

a concern, than a PMOS switch would further reduce the noise associated with the switch. 

As stated in [31, pp.232] PMOS transistors have less 1 /f noise than  NMOS transistors, 

as the PMOS m ajority carriers (holes) have less potential to be trapped in surface states 

(which is one of theories as to the cause of flicker noise). A transmission gate would result 

in the lowest possible resistance of the three switches, as well as passing a logic high or 

a logic low value without a threshold drop [35, pp.719]. However, this type of switch is 

more complex than either a PMOS or an NMOS switch on its own as it requires both a 

clock and its complement, in addition to additional area to accommodate both the NMOS 

and PMOS transistors.

The size of the switch and the bias retention capacitor required for the design were 

determined through simulation. The length of the switch was kept constant at 0.38/im. 

A length larger than the minimum length was used to help reduce potential variations 

due to fabrication and short channel effects. Design guidelines for the MOSFET length 

required to reduce the effects of channel length modulation are presented in [35, pp.228] 

and state tha t “the length of MOSFETs used in analog applications should be set to two 

to five times the minimum gate length.” For the switch NMOS, the length was set to just 

over two times the minimum length to meet this guideline. In addition, MOSFETs with 

larger areas have been shown in [40] to have lower flicker noise, providing another reason 

to have a length larger than minimum size.

Using the testbench shown in Figure 3.3, the width of the switch, M9, as is denoted by 

W in the testbench, was swept between l^ m  and 100/um, in 2/rm steps. The bias retention 

capacitor was held constant at lOpF and the phase noise of the VCO at a 100kHz offset 

was observed using PSS/Pnoise simulations (plots a t offsets of 600kHz, 1MHz and showing 

a plot with the offset swept 100kHz to 1MHz, were also generated but for simplicity have 

not been included as they show the same trend as was observed with an offset of 100kHz).
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Figure 3.3: Test setup used to determine the switch, M9, width and the size of the 
capacitor, C2, required for the switched-bias circuit.
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Figure 3.4: Plot showing the switch width being swept from 1/rm and 100/rm, in 2/rm 
steps, as the phase noise of the VCO at 100kHz offset is measured.

The results from the parametric sweep are shown in Figure 3.4, and it can be observed 

that after about 10/xm the plot begins to level off, indicating th a t there is no additional 

benefit obtained by further increasing the width beyond this point.

Next the size of the bias retention capacitor was swept from lp F  to lOOpF as the switch, 

M9, width and length were kept constant at 10/rm and 0.38/rm, respectively, using the 

same test setup tha t was used to determine the switch width. Though a lOOpF integrated 

capacitor would not be used on chip as it would require to much area and would not be 

practical, the simulation was swept to this value to see the impact capacitor size has on 

phase noise. It was desired to see if there would be a large improvement at much larger 

capacitor sizes. For the phase noise of the oscillator at the 100kHz offset, it was observed 

tha t while the phase noise does decrease as the capacitor size increases, the difference in 

phase noise between the 5pF and lOOpF capacitor is only 0.18dB, as is shown in Figure 

3.5.

To ensure the trend of decreasing phase noise with increasing capacitor size, the phase
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Figure 3.5: Plot showing the capacitor size being swept from lp F  and lOOpF, in 5pF 
steps, as the phase noise of the VCO at a 100kHz offset is measured.

noise of the oscillator at 600kHz and 1MHz offsets were also plotted, as can be seen in 

Figure 3.6 and Figure 3.7, respectively. It is observed in these plots tha t there is more of 

a step function, and there is a larger change in the phase noise between the case for the 

5pF capacitor and the lOOpF capacitor. For a frequency offset of 600kHz the decrease in 

phase noise is 0.3dB, while for a frequency offset of 1MHz, the decrease in phase noise is 

0.5dB. This indicates tha t at the higher frequencies the larger capacitor size does have 

more of an impact on filtering noise in the circuit. However, the decrease in phase noise 

in all three cases are still not large enough to justify the extra space required to use a 

larger capacitor in this particular circuit. As the chip area available was at a premium it 

was decided to try to keep the capacitor as small as possible, while still benefiting from a 

lower phase noise. It was determined tha t a lOpF capacitor would be the best size for this 

particular application, as it allowed the benefit of some filtering of the phase noise, while 

not taking up a large amount of area (the capacitor occupied approximately 11100/rm2, 

or 1.1% of the total chip area), and still allow a big enough capacitor to hold the charge
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Figure 3.6: Plot showing the capacitor size being swept from lp F  and lOOpF, in 5pF 
steps, as the phase noise of the VCO at a 600kHz offset is measured.

at the gate of M7 in the bias network when the switch is turned off, as was discussed in 

subsection 3.2.1.

3.3 D esign  Issues

There are a number of design issues tha t must be taken into consideration when the 

switched-bias circuit is being implemented. These considerations include the bias voltage 

variation and the sizing of the current mirror.

3.3.1 Voltage Variation at Bias N ode

Ideally a capacitor should hold charge for an infinite amount of time. In reality, a capacitor 

has a current leakage rate associated with it. In terms of the switched-bias circuitry, the 

capacitor forms the bias retention portion of the circuit. This element is vital to the 

circuitry as it maintains the correct operation of the VCO when the switch is opened.
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Figure 3.7: Plot showing the capacitor size being swept from lp F  and lOOpF, in 5pF 
steps, as the phase noise of the VCO at a 1MHz offset is measured.

The current leakage rate will impact the clock frequency required by the switch. The 

longer the capacitor can hold the voltage within the voltage range required to properly 

bias the circuit, the longer the switch can remain open, resulting in a longer interval in 

which the phase noise will be at a reduced level.

To evaluate the impact of the voltage variation, simulations were done to observe the 

effect at the bias node at the gate M7 (see Figure 3.8) and, as result, on the frequency 

at the output of the VCO. A transient parametric sweep simulation was run in Cadence 

using SpectreRF. The testbench for the simulation is shown Figure 3.8. The transient 

simulation was run for 1/rs to ensure the VCO had stabilized and the bias voltage at 

the gate of M7, Vbias, was varied from 834mV to 858mV in 2mV steps. The calculator 

frequency function was used to calculate the frequency. The results are plotted in Figure

3.9, and it is observed tha t the voltage variation at the bias node does have effect on the 

output frequency. As can be seen from Figure 3.9 the bias node can vary by approximately 

3mV before the VCO frequency varies from approximately 1.41GHz.
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Figure 3.8: Test setup used to model the effect of voltage variation, at the bias node at 
the gate of M7, on the frequency of the VCO. The voltage, Vbias, at the gate of M7 was 
swept from 834mV to 858mV in 2mV steps.
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Figure 3.9: Plot of frequency versus bias voltage. This plot was used to determine the 
effect variation of the bias voltage has on the frequency at the output of the VCO.

3.3.2 Sizing of Current Mirror

The noise scaling from the bias network is related to the relative size of the current mirror 

devices. When the current is ratioed up, the noise is also ratioed up. Low power devices 

may use current mirror scaling as it allows for a reference current th a t can be many times 

smaller than the VCO bias current, helping to reduce the current required overall by the

circuit, but resulting in a large multiplying factor for the current mirror. As the device

consumes less current using this approach it is able to save power. However, the large 

multiplying factor leads to a large amplification of the bias network noise.

Therefore the sizing of the current mirror tha t is being disconnected is another im

portant design consideration. The more amplification there is between the two sides of 

the biasing network the more the noise will be amplified. Therefore this technique is 

especially beneficial in the cases were there is a large multiplication factor between the 

two sides of the current mirror. In the VCO being tested, the multiplication factor is 4, 

with a current of 1mA being converted to 4mA at the base of the VCO, through a 1:4 

current mirror ratioing of the sizes of the NMOS transistors.
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3.4 A pp lication  A nalysis

3.4.1 Applied to a VCO

The switched-bias and bias retention circuitry were applied to a VCO to show how this 

technique can be integrated into an application.

3.4.2 A nalysis

In the case of the VCO, it is the bias network tha t is being targeted by the switched-bias 

circuitry to help reduce the overall phase noise. One issue to explore is how the noise on 

one side of the bias network transfers to the other side of the network, and then into the 

main circuit, affecting the phase noise the VCO experiences. The transfer function of the 

noise in the bias network was determined in order to examine this relationship.

V D D

ivco

M7M8

Figure 3.10: Current mirror schematic used to find the transfer function of the bias 
network.

A schematic of the current mirror is shown in Figure 3.10. While the signals associated 

with a VCO are generally considered large signal, the noise signal can be considered a 

small signal, therefore the small signal model shown in Figure 3.11 can be used to find the 

small signal ivco as a function of the small signal ipm0s,noise- Kirchoff’s current law (KCL) 

can be applied to the small signal model. There are two unknown voltages, which are 

labelled by “x” and “y” on the diagram. KCL is applied at node “x” , node “y” , and at 

the supernode, as is shown in Figure 3.11. This results in the following set of equations,

(3.4.1) - (3.4.3), which can be solved to determine the transfer function for lvco/ i pmos;noise-
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Figure 3.11: The small signal current mirror schematic used to find the transfer function 
(used to find the small signal iwco as a function of the small signal ip m o s ,n o i s e )  of the bias 
network.

i p m o s , n o i s e  ToH "k  9 m S ^ x  T s ( C g S8 +  CgS7 ) v x  +  S C g d j ^ V x  A / )  (3.4.1)

i v c o  ~  T 9 m 7 ^ x  “k  S C g d 7 (,Vy V x )  (3.4.2)

i p m o s , n o i s e  “k i v c o  rog "k 9 m 8 ^ x  "k s(cgs8 ~k CgSt) vx +  ”k 9 m 7 ^ x  (3.4.3)

The next step is to eliminate v x and v y from (3.4.1) - (3.4.3) and then solve for

i v c o / i p m o s , n o i s e -  The final result for the transfer function is given by,

iur.n _  _________r ° s ( g m 7 - s c gd7)_________  ( 3 .4 .4 )

ipmos,n o i s e 1 8 8 "f" ( ̂ 5 7 “T C p s 7 “f* Cp s 8 F  08 S

where gm is the transconductance of the MOSFETs, M7 and M8, which is combined 

with the relevant \ gs (the gate-source voltage) to form the current source shown, r07 and 

ro8 are the output resistances of the MOSFETs, M7 and M8, and cgs and cgd are parasitic 

(gate-source and gate-drain, respectively) capacitances associated with the MOSFETs.

Transient simulations were done to confirm the transfer function. The testbench for the 

simulations is shown in Figure 3.12. A lOO^A AC current source with a variable frequency,
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Figure 3.12: Testbench used to simulate the transfer function using transient simulations.

Table 3.1: Transfer function small signal param eter values
Parameter Value

§ds8 52.88mS
r08 18.91kfi
§m8 0.0048 A/V
cgs8 85.62fF
§m7 0.019 A/V
Cgs7 365.8fF
Cgd.7 34.29fF

frequency, f RefFreq (swept value)
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Figure 3.13: Plot of simulated and calculated values for the transfer function given in 
Equation (3.4.4). The top plot shows the percentage difference between the simulated 
and calculated results. The bottom  plot shows the calculated and simulated transfer 
function values verses the ac signal frequency, RefFreq.
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RefFreq was used to model the current noise source. Resistors, R2 and R l, were used to 

bias the current mirror. The calculator function was used to find the amplitude of the 

signals, Ivco and Ipmos,noise. The amplitudes of these signals were used to determine the 

transfer function, Ivco/Ipmos,noise. The results from the simulation were then compared 

against the calculated values for the same range of frequencies and are shown in Figure

3.13. The calculated values were obtained by using the parameters for M7 and M8 th a t are 

shown in Table 3.1, in combination with Equation (3.4.4). The simulated and calculated 

curves have the same shape, though, for the lower frequencies there is a 19% difference in 

the values. For lower frequencies, the transfer function indicates tha t the noise transferred 

through the current mirror has a greater effect than a higher frequencies. This again agrees 

with the decision mentioned in subsection 2.3.1 to focus investigating this technique for 

close-in frequencies.

3.4.3 N oise Contribution Sim ulation

To try and understand the main sources of noise in the VCO, it was required to look 

at the noise contribution of each MOSFET in the circuit. The MOSFETs contribute 

noise which ultimately results in the phase noise for the VCO, and therefore it is desired 

to try  to locate and minimize the largest noise sources within the circuit. The noise 

contribution simulation was done by considering the top 20 noise sources as the total 

noise was integrated over a bandwidth from 1kHz to 100kHz. This bandwidth was used 

because it is the close-in phase noise tha t was being concentrated on in this research. The 

parameters for the PSS/Pnoise simulations done using Cadence’s SpectreRF simulator in 

this section are shown in Table 3.2 and Table 3.3.

Table 3.2: PSS Simulation Parameters
Parameter Value

Beat Frequency 1.41GHz
Number of harmonics 10

Oscillator node Vout+
Reference node Vout-
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Table 3.3: Pnoise Simulation Parameters
Parameter Value
Sweeptype relative

Relative harmonic 1
Frequency sweep range Start: 1kHz, Stop: 100MHz

Sweep type Logarithmic, 20 points per decade
Maximum sideband 10

Voltage out Positive O utput Node: Vout+ 
Negative O utput Node: Vout-

Noise type sources
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Figure 3.14: VCO circuit with the switched-bias circuitry. The VCO uses a cross-coupled 
differential inductance-capacitance topology, which is also known as an LC oscillator.
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To further investigate the role of the bias current, noise simulations were run to observe 

the various noise contributors in the circuit. Simulations were done for both the case when 

the switch was on and when it was turned off. The noise contribution generated by each 

transistor in the circuit was studied, and the results are shown in Figure 3.15. These 

results show th a t while the switch is turned on, the bias circuitry, formed by M7, M8, 

M il and M12 (see Figure 3.14 for reference) result in the largest noise contribution to the 

overall circuit. For this case the total integrated output noise as calculated by SpectreRF 

over a bandwidth from 1kHz to 100kHz is 7nV2. When the switch is opened, the bias 

network becomes disconnected from the VCO circuitry and no longer contributes noise. 

Figure 3.15 illustrates tha t in this case M7 becomes the largest noise source, followed by 

the differential pair, M l and M2. In this simulation the to tal integrated output noise, as 

calculated by SpectreRF over a bandwidth from 1kHz to 100kHz, is 2nV2.

From the results in Figure 3.15, and the change in the total integrated output noise, 

it is seen tha t the bias circuitry in this demonstration circuit does contribute a significant 

amount of noise within the circuit, and tha t the switched-bias circuitry is effective in 

reducing this noise when the switch is opened. The results show tha t the addition of the 

switched-bias circuitry does not result in any significant additional noise to the circuit. 

The noise contributions for many of the transistors are negligible as they are approaching 

zero and therefore do not appear on the bar graph presented in Figure 3.15.

The transfer function derived in subsection 3.4.2 showed how noise was transferred 

through the current mirror. The simulation presented in this section have shown tha t the 

transistors forming the bias network contribute the largest amount of noise within the 

circuit. By combining the two results, one can see that using switched-bias circuit to turn  

off a portion of the bias network will result in a reduction of the overall phase noise seen 

at the output of the VCO. The simulations verifying this technique will be discussed in 

the next section, as well as in section 4.5.
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3 .4 .4  P h a se  N o ise  S im u la tion s

The phase noise of the VCO was simulated using SpectreRF to verify the effectiveness of 

the switched-bias circuitry. The results are summarized in Table 3.4 and Figure 3.16. The 

simulation param eters used are the same as those tha t were used to perform the noise 

contribution simulation as shown in Table 3.2 and Table 3.3. The simulations were run 

first using a MIM capacitor as the bias retention element, and then using a MOSCAP as 

the bias retention element. It was observed tha t the phase noise did not change between 

the two cases. This is due to the fact that, even though the MOSCAP is formed from an 

active device, it contributes a negligible amount of noise to the overall integrated output 

noise as calculated by SpectreRF over a bandwidth from 1kHz to 100kHz (on the order 

of 1.9x10~19V2) and therefore does not affect the phase noise value. The advantage of 

using a MOSCAP versus a MIM capacitor is in terms of the area required. For a lOpF 

capacitor, in the 0.18/im CMOS technology, an NMOS MOSCAP requires an area of 

approximately 2600/xm2, while, for the same capacitance value, a MIM capacitor requires 

approximately 11100/xm2. However, MOSCAPs are non-linear and have a capacitance 

tha t is variable and dependent on the bias at the gate, while MIM capacitors have more 

stable capacitance values as they are independent of input voltage values.

Table 3.4: Phase noise for various states of the switch and offset frequencies
D escr ip t io n  of  
the case

P h ase  N o ise  M easurem ent fdB c/H zJ  
at various offset frequencies
100kHz 200kHz 600kHz 1M H z

No Switch -81.48 -89.9 -103.1 -109.1
Switch ON -81.39 -89.76 -102.8 -108.7
Switch OFF -87.59 -96.02 -109.2 -115.3

As demonstrated in Table 3.4, the addition of the noise reduction circuitry has minimal 

impact on the phase noise, with a typical increase in phase noise of approximately 0.3dB 

across the simulated range of frequencies. However, by opening the switch when the 

output was being measured, the phase noise is reduced across the swept offset frequency 

range by, on average, 6dB, which is a noticeable improvement in phase noise. This result 

matches the expected behaviour of a reduction in phase noise with the temporary removal
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of the bias network from the circuit through the switched-bias circuitry.

a  : No NMOS sw itch  o s NMOS sw itch  i s  ON
□ : NMOS sw itc h  i s  OFF

- 2 0 . 0N
X NMOS s w i t c h  i s  ON

<DCQ■rl
g  -120

<u
to
(t
£  - 170

No NMOS s w i t c h

NMOS s w i t c h  i s  OFF

100M100K 10M10KIK 1M

O ffs e t  Frequency [Hz]

Figure 3.16: Single-sideband (SSB) phase noise simulations over various offset frequencies. 
The phase noise values for each of the three states of the circuit (no switch, with the switch 
on and with the switch off) were plotted. This simulation shows the decrease in phase 
noise when the switch is turned off.

3.5 C hapter Sum m ary

• This chapter began with an overview of the switched-bias method and how it was 

implemented.

• Next the focus shifted to the design issues tha t were addressed within the circuitry.

• Finally, an analysis of the transfer function of the bias network, noise contribution 

and VCO phase noise simulations were presented. The design and implementation 

of VCO are presented in the next chapter.
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Chapter 4 

D esign and Im lpem entation

4.1 YCO design

The switched-bias technique was applied to the VCO presented in [8, pp. 12-40]. This VCO 

had been designed and fabricated by another member of the Radio-over-Fibre group a t 

Carleton University, Daniel Olszewski, for a previous project. The full details of the 

design and implementation of the VCO are presented in [8, pp .12-40], but a summary will 

be provided here.

The VCO was designed for a radio over fibre receiver. It was designed to generate 

a local oscillator signal at 800MHz, 900MHz or 1.4GHz, though only the 1.4GHz imple

mentation is used in this research. The VCO was implemented with the Cadence design 

suite, using the 0.18/rm CMOS technology models provided by CMC.

The cross-coupled differential inductance-capacitance VCO topology, more commonly 

known as an LC oscillator, presented in [2] was used as the basis for this design. A 

schematic diagram of the VCO, including the device sizes used, is shown in Figure 4.1. 

An LC oscillator topology was chosen because, as was discussed in section 2.2.3, this VCO 

generally has lower phase noise then, for example, an ring oscillator.

A complementary structure was chosen over an all-NMOS VCO design, as the com

plementary structure results in a higher transconductance for a particular current. This 

higher transconductance then translates to faster switching of the cross-coupled differen

tial pair, which is why larger sizes were chosen for the PMOS and NMOS cross-coupled 

pair. In addition, as stated in [2] the complementary structure also results in improved rise

49
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Figure 4.1: VCO circuit only (i.e. it does not contain the switched-bias circuit). The VCO 
uses a cross-coupled differential inductance-capacitance topology, which is also known as 
an LC oscillator.
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and fall time symmetry, which in turn  results in a smaller 1/f3 noise corner. In addition 

it was shown in [2] th a t using the complementary structure allows the circuit to m aintain 

single-ended symmetry for each half of the circuit, which reduces the upconversion of 1 /f 

noise.

The tuning of the VCO is controlled by Vctrl, the control voltage for the MOSCAPs. 

The differential outputs of the VCO are Vout+ and Vout-. Buffers were added for the 

fabricated chip to help drive the load at the output due to the test equipment. In addition, 

in a complete system, these buffers would be used to isolate the VCO from the rest of 

the circuitry in the system. The buffers provide a way to convert the VCO output from 

a differential output to the single-ended output tha t was desired for testing purposes. 

The power supply, VDD, of the VCO was set to 1.8V and the substrate was attached to 

ground.

The bias network was modified by the addition of the switched-bias circuit designed 

within this research. The NMOS transistors, M7 and M8, and the PMOS transistors M il  

and M12, form the current mirrors th a t provide the bias current for the VCO. It is shown 

in [2] tha t increasing the tail current results in an improvement in phase noise as a result 

of an increase in the oscillation amplitude. Taking this into account, the bias network was 

designed to bias the VCO with a constant 4mA current. This provides a balance between 

using a larger current to help reduce phase noise, while still being conscious of the power 

consumption of the circuit. In addition, larger transistor sizes were used to ensure th a t the 

transistors in the current mirror remained in saturation. The lengths of the transistors 

in the current mirror were made longer than the minimum length required, in part to 

help lower the channel length modulation effects (A). Following the design guidelines 

presented in [35, pp.228], to reduce the effects of channel length modulation, “the length 

of MOSFETs used in analog applications should be set to two to five times the minimum 

gate length.” The larger sizes of the transistors results in an increased output resistance 

of the current mirror, which helps to make the bias current less dependent on the drain to 

source voltage of the transistor. And lastly, as it has already been discussed in 2.3.2, and 

shown in [41], the flicker noise of a MOS transistor is inversely proportional to the gate
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area. Therefore the longer lengths of the transistors provide a larger total area, which 

helps to improve the phase noise of the VCO by reducing the flicker noise associated with 

the MOSFETs forming the current mirror.

The LC tank for the VCO comprises of an on-chip 6.1nH spiral inductor and an 

integrated 660fF fixed capacitor, in parallel with PMOS MOSCAPs, which were using 

for tuning. The model of the inductor, which was provided by CMC in [42], is shown in 

4.2. The fixed capacitor was implemented using the parallel plate metal-insulator-metal 

(MIM) capacitor found in the CMC 0.18/um design library. The quality factor, Q, of the 

tank is 9.9 for the VCO when the center frequency is 1.4GHz. The inductor was designed 

using the guidelines provided in [43, pp.223-235] which states tha t “inner turns of the on- 

chip spiral inductor should be removed because they contribute little to the inductance, 

but add to the parasitic losses experience by the inductor,” and that, “the upper layers 

of metal should be used to reduce parasitic capacitances to ground.”

Table 4.1 provides a summary of the main simulated results, especially phase noise, 

which is of particular relevance to this thesis. The VCO presented [8, pp .12-40] provided 

a reference point to use in this thesis for the case of the VCO without the switched-bias

C5
C = 3 5 .6 4 fFo A /W o

P o rtl
Num=1

- 1-  C1
T '  C = 1 3 4 .5 fF L1

L=6.093 nH 
R=

R3
R = 3.75  O hm

C4
' T  C = 121 .7  fF

Py:-1
Port2
N um =2

0 GND
N um =3

Figure 4.2: Model used to simulate the inductor.
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circuitry which would not have otherwise been possible due to space limitations associated 

with the fabrication process.

Table 4.1: Summary of simulation results for the cross-coupled LC VCO
Center Frequency 1.41GHz

VCO Gain 400MHz/V
Peak Differential O utput Swing 1.43V

Phase noise (at 1MHz offset from carrier) -109.2dBc/Hz
DC Power Dissipation (from 1.8V supply) 6.6mW

Tuning range 17%

The VCO without the switched-bias circuit was tested and the measured characteris

tics are shown in more detail in Section 5.2.2. The main purpose of using this particular 

VCO was tha t it had been previously fabricated and could therefore serve as a benchmark 

against which the VCO containing the switched-bias noise reduction circuitry could be 

compared.

The phase noise measurement results for the VCO using its center control voltage 

of 1.5V are shown in Table 4.2, while the simulated and measured values were plotted 

together, as can be seen in Figure 4.3. The measurement results will be discussed in more 

detail in Section 5.2.2.

Ta rle 4.2: Phase Noise IVeasurements
Spot Freq. [kHz] Carrier Freq. [GHz] SSB phase noise [dBc/Hz]

100 1.47041 -87.4
200 1.47041 -77.54
600 1.47040 -97.3
1000 1.47042 -102.3

4.2 Integration  o f sw itched-bias circuit in to  th e  VCO

As mentioned previously the VCO has been designed in [8, pp. 12-40], and the task was to 

integrated the switched-bias circuitry into this VCO design. This integration was done by 

cutting the bias circuitry into two sections, as is shown in Figure 3.14 and Figure 4.4, and 

inserting the switched-bias and bias retention circuitry at the point where the cut was
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Figure 4.3: The measured and simulated phase noise results for the VCO.

made. This configuration provides a method to disconnect Bias A, as shown in Figure 4.4, 

from the overall circuit, allowing the noise associated with tha t portion of the bias network 

to be removed from the overall phase noise of the VCO. Details of the switched-bias circuit 

design were already presented in section 3.1 to section 3.4.1, and the VCO containing the 

bias network with the switched-bias circuit incorporated into it was shown in Figure 3.14.

The actual implementation of the switched-bias circuit tha t was fabricated included 

two switches (and two dummy switches). The reason this was done was to allow experi

mentation with the resistance value of the switch by allowing some flexibility by placing 

the two resistors in parallel by turning them both on and off at the same rate, as well as 

testing the circuit with a single set of switches (i.e. a single main and dummy switch). 

The size of both sets of main switches and dummy switches are equal and are equal to the 

switches shown by M9 and M10, respectively in Figure 3.14. Another modification to the 

switched-bias circuit tha t was made to facilitate testing was the addition of a signal named 

Dischargeln. This signal was attached to the gate of an NMOS transistor and provided a 

mechanism to discharge the bias retention capacitor used within the switched-bias circuit
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Figure 4.4: Biasing network. It has been divided into two sections, Bias A, which is 
disconnected from the VCO by the switch, and Bias B, which is continually connected to 
VCO circuit.
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Figure 4.5: Switched-bias circuit including circuitry added to facilitate testing.
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(C2). The NMOS transistor has its drain attached to the the capacitor node, and its 

source attached to ground, and its size was made the same as the main switch. This extra 

transistor does not form part of the switched-bias circuit and is used to facilitate testing 

by providing a way to ensure the capacitor does not start with charge already built up on 

the node before the switch is closed, as this would effect the time measured for which the 

capacitor can hold the bias value at a constant voltage. The actual switched-bias circuit 

tha t was fabricated, including these test structure is shown in Figure 4.5.

4.3 Layout C onsiderations

The complete circuit was implemented in the 0.18//m CMOS process available from the 

Taiwanese Semiconductor Manufacturing Corporation (TSMC), through CMC Microsys

tems. This is a six metal layer CMOS process with a single salicided poly layer. It uses a 

p-type substrate doping, and as a result all PMOS devices are formed in N-wells. On this 

chip, all of the NMOS devices share a common substrate, which is connected to ground, 

while the PMOS devices are isolated in their own wells to help reduce the body effect. 

The nominal supply voltage, VDD, is 1.8V. The layout was done using the Cadence De

sign Virtuoso tool. Several layout considerations were taken into account while doing the 

layout, and they will be discussed for the remainder of this section.

The layout used in [8, pp.37-39] was modified to include the switched-bias circuit. 

The layout, with the pad structure, is shown in Figure 4.6. An explanation of the pads 

given in Table 4.3. The layout includes the VCO, which uses MOSCAPs for tuning, a 

MIM capacitor and a rectangular spiral inductor for the tank, and has an internal VCO 

output buffer. There is an additional output buffer to convert the differential signals to 

single-ended, and to allow the VCO to drive the bond-wires and capacitive loads.

To help reduce the effects of process variations, the gates of all of the transistors were 

broken into a number of parallel fingers, with dummy gates at the ends. Guard rings, 

which involved surrounding the transistors by substrate contacts (p-substrate for NMOS 

transistors and n-substrate for PMOS transistors), were used to help isolate the transistors 

and prevent coupling and noise injection from other devices sharing the same substrate.
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Figure 4.6: Placement of the VCO circuit including the switched-bias circuitry.
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Table 4.3: List of the pad names used for the placement of the VCO
Number Pad Name Explanation

1,8,10,12,13,15,20 GND Ground
2 SwitchCLK3bar Second clock input used to control 

the second dummy switch
3 SwitchCLKlbar First clock input used to control 

the first dummy switch
4 SwitchCLKI First clock input used to control 

the first main switch
5 SwitchCLK3 Second clock input used to control 

the second main switch
6,7,11,16,21 VDD Power Supply (1.8V)

9 Fout O utput of the VCO
14 VcapTest Test point at the gate of M7 in 

the bias network
17 Ibias Bias current (1mA) attached to 

the PMOS current mirror
18 Dischargeln Input to an NMOS used to discharge 

the bias retention capacitor during testing
19 IoutBuf Input current (240/rA) to 

the buffer circuitry
22 Vctrl Control voltage applied to the MOSCAPs 

MOSCAPS used to tune the VCO
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4.3//m wide metal lines were used for VDD and GND, and in general the metal lines 

used to connect devices were made wider then required by the minimum design rules to 

ensure that they could handle the required current for the circuit. In addition, multiple 

parallel vias and contacts were used between layers to help improve reliability as well as 

to decrease the parasitic resistance between layers.

To use the least area possible, the minimum design rules required for spacing between 

devices as enforced by Cadence Design Virtuoso tool were used. The exception to this 

practice was the spacing around the inductor. The largest possible distance between the 

inductor and the rest of the circuitry was used to reduce losses experience by the inductor 

in terms of its Q value which may result due to interference to the magnetic field from 

the rest of the circuit. In addition, the inductor was built using the upper layer metal 

to help reduce parasitic capacitances to ground which can also reduce the Q value of the 

inductor.

The power supply (VDD) and ground (GND) signals were placed in a ring structure 

around the perimeter of the chip, with multiple VDD and GND pads used to help improve 

reliability. In to tal there are seven ground pads, and five power supply pads. The reason 

there are so many VDD and GND pads is not only to improve reliability, in terms of en

suring a good ground and power supply connection, but also to reduce supply-bounce tha t 

is caused by bond-wire inductance, by helping to reduce the overall equivalent inductance 

(due to the pads being connected in parallel). This in turn reduces the corresponding 

L • ^  effect. Though supply-bounce is not a major concern in an LC oscillator because 

ideally the bias current (i.e. the current through M7) should remain constant as the VCO 

switches back and forth. However, the fabricated chip will not be ideal, so precautions 

were taken by added extra bond-wires. Transient simulations were done to ensure tha t 

the addition of the bond-wires did not negatively impact the VCO’s frequency. The high 

frequency output, Fout, metal trace was made as short as possible (128 n m in length) when 

connecting it to the pad to help reduce the effects of parasitic capacitance and resistance 

on this node.
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To help reduce supply and substrate noise, five decoupling MIM (metal-insulator- 

metal) capacitors (with values of l-2pF) were placed on chip between VDD and GND. All 

of the MIM capacitor layouts used in this design (including the bias retention capacitor) 

were generated using the “spccap” param eterized cell provided by CMC in the CMCpcells 

folder.

A photograph of the fabricated chip, referred to as ICFCUCFD, is shown in Figure 

4.7. The overall dimension of the design is 819pm by 1193/im. Twenty-two bonding pads 

are used in a 1.2mmx0.82mm rectangle. The bond-pads are square with a size of 100pm 

by 100pm, with 50 pm  spacing (150 pm  pitch). The first m etal was not used in the pads 

because the power supply and ground traces were routed under the pad ring due to  space 

restrictions.

1193|im

Figure 4.7: A photo of the chip layout. Refer to  Table 4.3 for the pad names.

The work of three researchers was placed on the chip space granted by CMC. A photo 

of the layout for the complete chip is shown in Figure 4.8. Due to the sharing of the 

space, the placement of the RF output signal was carefully chosen. This signal had to be
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placed on the outer edge of the chip to reduce the length of the bond-wire required. The 

DC signals, including Vctrl, the bias input currents and the voltage used to discharge the 

capacitor, were all placed on the inside edge of the chip, as these signals could handle 

longer bond-wires without degradation to the signals. The clock signal was also placed 

on an outer edge to help reduce bond-wire length. A test point was added at the bias 

retention capacitor node to monitor the voltage at this point. This test point could lead 

to extra capacitance at the gate of M7 in the bias network as a bond-wire is used to 

attach this point to the PBC used during testing of the chip. However the capacitance of 

the bond pad was simulated in Cadence by using a layout of a resistor with and without 

a pad, extracting the layout to obtain the parasitic capacitances, and finding the bond 

pad capacitance by subtracting the values. The result of this calculation was a bond pad 

capacitance of approximately 344fF. As this capacitance value is much smaller then the 

lOpF capacitance of the bias retention capacitor to which the test point is connected, it 

was determined tha t the test point would not have a negative impact on the circuit, while 

providing a way to obtain the bias value during the testing process. This test point also 

provides a way to directly bias the VCO if the current mirror does not work, by providing 

a mechanism to directly set the voltage at the gate of M7.

4.4  C adence S im ulations

Simulations were done to observe the impact the bias network has on the phase noise of 

a VCO. The expectation was tha t when a portion of the bias network was disconnected 

from the circuit, the noise associated with this circuitry would have a reduced impact on 

the overall phase noise. This would result in a decrease in the VCO’s phase noise.

The Cadence Design Suite was first used to simulate the circuit because the layout 

was being done with Virtuoso, Cadence’s layout editor. In Cadence, the phase noise of 

an oscillator is measured using a periodic steady-state (PSS) simulation, combined with 

a periodic noise (Pnoise) simulation. A challenge in terms of simulating was encountered 

while trying to measure phase noise for the VCO containing the switched-bias circuitry. 

SpectreRF, the simulator tha t was used in Cadence, considers an oscillator as a purely
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Figure 4.8: A photo of the layout for all three designs included on the fabricated chip.
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autonomous circuit when a phase noise measurement is being performed and therefore 

did not simulate if the circuit had any inputs. However, while the clock controlling the 

NMOS switch of the switched-bias circuit is not a direct input to the VCO itself, the 

simulator is unable to distinguish this fact, resulting in a failed simulation.

Several different strategies were used to work around this problem. It was possible to 

simulate the VCO if the main switch, M9, (see Figure 3.14) was held static in either the 

ON or OFF state for the duration of the simulation. W ith the main switch in the ON 

state, the phase noise could be measured, and matched well with the phase noise for the 

case of the VCO without the extra switched-bias circuitry. This illustrates th a t the added 

circuitry does not introduce an appreciable amount of extra noise. However, when the 

switch is in the OFF state, while the simulation will run, the phase noise values cannot 

be considered accurate because the voltage value of the gate of M7 (refer to Figure 3.14, 

which is at the base of the VCO, does not start at a known value.

To work around this problem, a DC voltage source was connected to the gate of M7 

to hold the gate at a constant voltage level of 847mV when the switch was in the OFF 

state. The value of DC voltage source was determined by running a transient simulation 

and observing the value of the voltage obtained when the switch went from the closed to 

open state, and, while in the open state, the voltage value tha t still produced the desired 

output frequency (Figure 3.9 in subsection 3.3.1 illustrates tha t this bias value results 

in the correct VCO output frequency). This test could also have been done by using an 

initial condition on the capacitor.

The phase noise simulation results obtained from Cadence were already presented in 

subsection 3.4.3.

To verify the test methodology used, and therefore to verify the result, it was decided 

to implement the schematic using the Agilent Advanced Design System (ADS) simulator. 

A discussion of the simulation using ADS is described in the next section.
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4.5 A D S Sim ulations

In ADS it is possible to generate a final solution file from one simulation and read it 

in as the initial starting point for the next simulation. ADS uses a harmonic balance 

simulation to  produce phase noise measurements. As before, in SpectreRF, the main 

switch, M9, was set to the ON state, and the harmonic balance was simulated, and a final 

solution file was generated. This file was then used as the initial starting point for the 

harmonic balance simulation in which the main switch, M9, was set to the OFF state. 

The testbench for the simulation is shown in Figure 4.9, including the device sizes tha t 

were used for each of the transistors. As can be seen in the testbench, the dummy switch, 

M10, was not included during the simulations used to measure the phase noise of the 

VCO as it further complicated the simulation by requiring an additional clock, and it has 

already been shown (refer to subsection 3.4.3, Figure 3.15) tha t the dummy switch, M10, 

contributed only a very small amount (on the order of 8.4e-19) of noise to the circuit, and 

therefore does not impact the phase noise value.

The inductor is a 6.1nH rectangular spiral inductor and was modelled in the simu

lation using the model presented in [8] as is shown in Figure 4.2. The inductor model 

was developed from the RF models provided by CMC. Details of the VCO structure, 

including the inductor model, were provided in section 4.1. Other elements of interest 

in the testbench shown in Figure 4.9 include the use of a piece-wise linear component, 

VPWL, which provided the pulse to kick-start the VCO on startup, and the “OscPort2” 

component required for oscillator analysis in ADS [44], This probe component was in

serted differentially into the oscillator loop following the instructions provided in ADS’ 

help files. The control voltage, Vctrl, for the VCO, which is connected to the MOSCAPs 

used for tunning, was set to 1.5V. The supply voltage, VDD, was set to 1.8V, and the 

main switch, M9, had a supply voltage to its gate of 1.8V when the switch was turned 

on, and OV when the switch was turned off. The offset frequencies between 90kHz and 

1.2MHz were swept. These values were chosen as the focus of the research was on the noise 

at close-in frequencies. The main frequencies tha t were considered during this research
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were 100kHz, 200kHz, 600kHz and 1MHz. These values were chosen not only because 

they are close-in frequencies, but also because they are frequency offset values tha t were 

often quoted for research papers involving VCO (refer to Table 2.1 and Table 2.2). The 

same offset frequencies were measured in both Cadence and ADS to allow for a direct 

comparison of values, as is shown in Figure 4.10.

The TSMC 0.18/rm kit available from CMC was used for the MOSFET mixed models. 

The parameters used to setup the harmonic balance test are shown in Table 4.4 (any 

other parameters not listed were kept as the default values):

Table 4.4: Harmonic Balance Simulation Parameters
Frequency 1.4GHz

Order 7
Noise: Sweep Type Log

Noise: S tart 90kHz
Noise: Stop 1.2MHz

Noise: P ts./decade 100
Noise outputs Vout+, Vout-

Oscillator use Oscport

The results, as are shown in Figure 4.11, clearly illustrate a decrease in the phase 

noise between the case when the switch is turned on and the case when the switch is 

turned off. The decrease in phase noise on average (taking the decrease in phase noise by 

measuring the difference in phase noise between the case when the switch is on and when 

the switch is off, and averaging the decreases values over the offset frequencies measured) 

is approximately 6dB, as can be seen in Figure 4.12. There is an slight increasing trend 

tha t is observable in this plot, indicating tha t there is a larger difference between the 

phase noise when the switch is in the on and off state as the offset frequency increases. 

However, the curve is steeper for the lower frequencies, with a slope of 0.2 between 100kHz 

and 500kHz, then at the higher frequencies, which has a slope of 0.08 between 500kHz 

and 1MHz. This indicates tha t the slope is starting to level off as thermal noise becomes 

the dominate noise source, therefore showing tha t the switched-bias circuit is still better 

suited for close-in frequencies.

These results closely match the results obtained from SpectreRF, with a maximum
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Figure 4.9: Testbench for the ADS phase noise simulation.
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Figure 4.10: Single-sideband (SSB) phase noise simulations over various offset frequencies. 
The phase noise values for each of the three states of the circuit (no switch, with the 
switch on and with the switch off) were plotted for both  the Cadence SpectreRF and 
ADS simulations. The top plot also shows the percentage difference in the phase noise 
values between the Cadence and ADS simulations.
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Figure 4.11: Phase noise simulations over various offset frequencies. The phase noise 
values for the circuit when the switch is ON and O FF are plotted. This simulation shows 
the decrease in phase noise when the switch is turned off. In addition, it can be seen from 
this graph th a t the addition of the switched-bias circuitry did not result in a noticeable 
change in phase noise, as the case for the phase noise with no switch is practically identical 
to the case for the phase noise when the switch is turned on.
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Figure 4.13: Plot of the difference in phase noise for the VCO when the switch is ON and 
when there is no switch present in the design. The difference was calculated to be, on 
average, 0.3dB over the range of simulated offset frequencies.
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discrepancy of 0.39 %  as is shown in Figure 4.10. Figure 4.10 plots the phase noise 

values from both the Cadence and ADS simulation, as well as showing the percentage 

difference between the phase noise values from the two simulators, for cases of the main 

switch, M9, a) not being included in the circuit, b) switch being on and c) switch being 

off. These results indicate that the method used to measure the change in VCO phase 

noise in SpectreRF is valid. In addition, Figure 4.11 and Figure 4.13 show tha t the extra 

switched-bias circuitry does not contribute a noticeable amount of additional noise. The 

VCO phase noise was measured both with and without the switch in the VCO and as 

can be seen from Figure 4.11 the simulation without the switch, and the simulation with 

the switch in the ON state are almost identical, with only an average difference of 0.3dB 

(this average was measured in the same manner as the average decrease in phase noise 

was measured, though in this situation the difference between the case when the switch 

was on and when the switch was left out of the VCO bias circuit was considered). To 

further emphasis the fact that the addition of the switched-bias circuit did not add a 

noticeable amount of noise, the difference in noise between the case when there as no 

switch in the bias network, and when the switch was ON is plotted in Figure 4.13. There 

is an increasing trend tha t is observable in this plot. This increase indicates th a t the 

flicker noise of the NMOS switch which is dominate in the lower offset frequencies has 

a lower impact on the overall phase noise then the thermal noise of the NMOS switch 

which dominates at the higher offset frequencies. This suggests tha t the switched-bias 

technique would be less beneficial at higher offset frequencies as the added switched-bias 

circuit begins contributing more noise to the circuit itself, re-enforcing the idea presented 

in subsection 2.3.1 th a t the focus for this technique is for close-in frequencies.

4.6 Im pact o f  spurs on radio system

Spurs are undesired signals in a radio system tha t can interfere with the desired signal. 

They can result from various different sources, including due to the various components 

within a radio system. For example, mismatch of either the current or sizes of the charge 

pump can lead to reference spurs, which will be discussed in more detail within this
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Figure 4.14: The plot shows the im pact of spurs on VCO frequency. As the amplitude of 
the spurious signal increases, the frequency begins shifting away from the desired carrier 
frequency and towards the spurious frequency.

Spurs close in frequency to the VCO resonant frequency can cause the VCO frequency 

to  shift when the spurs am plitude becomes high enough. This effect is illustrated in Figure 

4.14. It is discussed in [45], “random  and discrete frequency components cause a broad 

skirt and spurious peaks” in the VCO frequency spectrum. It is stated  in [45] tha t “the 

discrete spurious components could be caused by known clock frequencies in the signal 

source, power line interference, and mixer products. The broadening caused by random 

noise fluctuations is due to phase noise. It can be the result of therm al noise, shot noise
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and/or flicker noise in active and passive devices.” The impact of spurious signals can be 

seen when the VCO is placed within a system, for example in a phase-locked loop (PLL), 

in which the VCO provides the local oscillator (LO) frequency. It is necessary tha t the 

VCO frequency be as stable as possible to provide the correct frequency to the rest of the 

PLL system. Therefore spurs must be minimized to avoid these undesired signals mixing 

with the VCO frequency and causing a shift in the VCO frequency.

The effect of reference spurs are well known in PLLs. It is discussed in [45] tha t in 

“an integer-N PLL, reference spurs are caused by the fact tha t the charge pump output 

is being continuously updated at the reference frequency rate.” As there is continually 

current pulses being outputted from the charge pump, the DC voltage that drives the 

VCO is modulated by a signal of the reference frequency for the phase frequency detector 

in the system. This modulation produces reference spurs in the output of the VCO. 

These reference spurs occur at offset frequencies tha t are integer multiples of the reference 

frequency. The reference spurs due to the charge pump lead to reference feedthrough, and 

result in the toggling of the charge pump output even under a locked condition.

The impact of the spurs tha t could potentially be generated by the switch in the 

switched-bias circuit will be investigated in the next section.

4.7 A nalysis o f Sw itching N oise

The noise associated with the switched-bias circuit must be considered. This noise consists 

of two parts: the flicker noise, and the sampling noise (i.e. the k T /C  noise). The impact 

the switching noise will have on the overall phase noise of the VCO must be investigated 

and the value of the flicker noise tha t is being transferred to the bias due to the switching 

of the clock must also be evaluated.

The flicker noise will be considered first. Due to the toggling of the switch at the 

sampling frequency using a 50% duty cycle square wave clock input, the flicker noise will 

appear in the output spectrum at odd harmonics of the sampling frequency, as can be 

seen in Figure 4.15.

To begin determining the impact of the flicker noise on the gate voltage of the tail
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Figure 4.15: This figure illustrates how the flicker noise appears at the odd harmonics of 
the sampling frequency. The plot has been divided into three sections, labelled as # 1 , # 2  
and # 3 , to determine the total flicker noise from the switched-bias circuit. The variable 
a  denotes the minimum frequency for which the flicker noise can be determined.
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current transistor, M7, the overall flicker noise can be divided into the three regions shown 

in Figure 4.15. This diagram provides an illustration as to how the overall flicker noise can 

be determined. Region # 3  is the expected 1 /f region associated with flicker noise, which 

was discussed in subsections 2.3.2 and 2.6.1. Regions # 1  and # 2  show the flicker noise 

from region # 3  which is replicated at multiples of (2 k-l) of the sampling frequency,fs (i.e. 

the clock frequency) where k is series index (as can be seen in (4.7.1)), which goes from 

zero to infinity. This noise is a result of the switching nature of the switched-bias circuit, 

wherein the switch is toggled using a square wave clock input. As is seen in Figure 4.15, 

the amplitude of the transferred flicker noise decreases as the overall frequency increases, 

which is due to the coefficients associated with the Fourier series of the clock square 

waveform. The equations used to determine the noise in regions # 1 , # 2  and # 3  are given 

as,

Region #1:

F N o i s e  • , -  V  f ((2fc+1)_a) ( ± __1 ^  I__________ ^ _______ d f  (4 7 1)r  l S U l b C re g l oni  -  2_,  Jo  I 7r (2/c+l) J l + ( 2 n f R onC f  2 W L C o X( ( 2 k + l ) f s - f ) UJ I 4 - ' - 1 !
k = 0

where k is the series index, Ron is the on resistance of the switch transistor, M9, C is the 

bias retention capacitor (C2 ), k / is the flicker noise process-dependent constant, C ox is 

the gate capacitance per unit area, W and L are, respectively, the width and length of the 

switch transistor, fs is the sampling (i.e. clock) frequency, a  is the minimum frequency 

for which the original flicker noise can be determined, and f is the frequency. From the 

CMOSP18 model file, k/  is 4.0xl0- 25V2F, and C ox is 8.46xl0-3 Fm “2. From simulations, 

Ron was determined to be 347.212, however this value is an estimation as the resistance 

value will vary as the clock switches. The sampling frequency was set to 1MHz, and from 

Figure 4.9 it is seen the C is lOpF, W is lOyum and L is 0.38/rm.

The square wave coefficient is given by the first two terms in (4.7.1), the third term  

results from the filter nature of the switched bias circuit (i.e. the flicker noise will be 

filtered by the RC time constant tha t results due to the bias retention capacitor, C2 , and 

the on resistance of the switch transistor, M9). The last term  is the expression for flicker
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noise in a MOSFET. The expression is summed as a series as the square wave results in 

a Fourier series th a t continues to infinity.

The equation for region # 2  is very similar to the equation for region # 1 , however, the 

limits are changed to take into account the second half of the transferred flicker noise,

F N o i s e region2 =  /((2fc+i)+a) ( f  (2fcTT)) i+(2wfRonc ) 2 2 WLCox( / - ( 2k+i)fs)df  (4.7.2)
k= 0

The last section of noise to consider is the original flicker noise, which is the noise 

component tha t is being transferred by the sampling frequency of the clock square wave. 

This noise component is given by region # 3  in Figure 4.15, and is defined as,

F N o i s e region3 =  f a 3 (2nfRonc ) 2 2WLCoxf  (4.7.3)

The variable a  defines the lower frequency limit for flicker noise, as the integral of the 

original flicker noise expression results in the In function. As the In of zero (i.e. ln(0)) is 

not defined and would yield an infinite value for the total noise, it is required to define a 

lower frequency limit, f;ou), which is equal to a  as is shown in Figure 4.15. This conclusion 

is supported by [46, pp.217] which states th a t extending the lower limit to zero simply 

means that one is interested in arbitrarily slow noise components, and in reality over a very 

long length of time at very slow rates these noise components become “indistinguishable 

from thermal drift or the aging of devices.” It is also necessary to set an upper bound 

on the frequency for this region, as the In of infinity equals infinity, and the equation 

would go to zero as it would contain both a positive and negative infinity term. This 

upper limit applies to both the original flicker noise and the flicker noise associated with 

region #2 . The upper frequency term, fhigh, can be set to the cut-off frequency of the 

RC filter tha t is formed due to the resistance of the switch transistor, R0„, and the bias 

retention capacitor,C. Above this point, the filter will attenuate the flicker noise in this 

region. Therefore fhigh is calculated using,

f hi9h — 2tt Ro n C  (4.7.4)
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The first step in determining the noise current at the bias is to determine the noise at 

the gate of the tail current transistor, M7. This noise is a combination of the flicker noise 

from regions # 1 , # 2  and # 3 , and the k T /C  noise tha t is associated with sample and 

hold circuits. The analysis and derivation for the kT /C  noise has been done by K undert 

and is presented in [47]. To determine the contribution of the flicker noise, the equations 

shown in (4.7.1) to (4.7.3) must be evaluated. The M athematica software program was 

used to evaluate the integrals, and the results are as follows:

For region #1 :

( ( 2 fc + l)—c*)

—8k
CoxW  Li t2 ( 2 k + l ) 2 ( 2 + 8C 2 f 2 ( i + 2 k ) 2 tt2 R 2^

_______ I______________________ r j f
l + { 2 n f R orlC ) 2 2 W L C ox( ( 2 k + l ) f s - f )  UJ

-4C7* (2k +  1 ) 7tR 0

(  (2* +  l ) / ,

( 1+

arctan ( 2 C n R on

- I n
i C W R l n

(2k  +  1) f s 

—a

(4.7.5)

\

/

For region #2:

( fh igh )  .

f  ( f  ( 2 f c + l ) )
( ( 2 k + l ) + a )  V 7

1____________________________ 2 1 _________________r j f
l + ( 2 i r f R o n C ) 2 2 W L C ox( f - ( 2 k + l ) f s ) UJ

4C f s (2k  +  1) 7 T i?0

8k j
C oxWLiT2( 2 k + l ) 2 ( 2 + 8 C 2 f 2 ( l + 2 k ) 2ir2 R 2n

a rc ta n  ^ 2 C ttR oti ^

+ In

(4.7.6)

+  ln(2)

Lastly, setting a  to the lower frequency limit, fiow, the integral for region # 3  is,
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fhigh

I
flow

  kf
2 W L C ,

1_______ *£__df
1 + ( 2 t r / f i on C ) 2 W L C oxf UJ

- 2 l n ( f low) +  ln (l +  A C 2n 2 R l nf^ow) +

. 21n(/Wfffc) -  ln (l +  4:C2TT2R 2onf l gh) 

- 2  ln (/Jou,) +  ln (l +  4 C 2tt2R 20J I w) +

(4.7.7)

2 W L C 0,
^  ^n (27 rfionc )  l n  f  1 +  4 C 27T2 JR 2ri j

The flicker noise integrals derived for regions # 1  and # 2  must be summed as the noise 

in these regions result from the sampling effect on the flicker noise due to the toggling of 

the switch by a square wave clock signal. As a result, for regions # 1  and # 2 , the final 

voltage noise components are:

Region #1:

E -8k  f
-^Q C oxW L v 2{ 2 k + l f  ( 2 + 8 C 2 / J ( l + 2 f c ) 27r2 /i^ „

- i C f s (2k +  l ) n R 0

arctan 2 Cbr/L
(2k  +  1) f s

-a

In

1+

4C27t2R 2
(2k  +  1) f s

—a

(4.7.8)

Region #2:

E
k = 0

C ox W iTT2 (2 fc+ 1)2 ( 2 + 8 C 2 / I  ( l+ 2 fc )27T2 f l2„  )

4 C /S (2k  +  1) TrRon-

a rc ta n  ( ^ Ci r R on  (  ^ + 1 ^ S )  )

+  In
i+

^4CVj?2n( ^ +1)/S) '

(4.7.9)

+  ln(2)

Therefore the total noise voltage seen at the gate of the bias transistor (i.e. M7, refer 

to Figure 4.9 for the schematic of the circuit) is the sum of the flicker noise in regions
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Figure 4.16: Simple track and hold circuit, which is equivalent to the switched-bias cir
cuitry.

# 1 , # 2  and # 3 , as well the kT /C  noise th a t is generally associated with a track and hold 

circuit, which is equivalent to the switched-bias circuit, as is seen in the simple track and 

hold schematic shown in Figure 4.16. The full analysis and derivation of the kT /C  noise 

for a track and hold circuit is given by Kundert in [47]. Therefore the final expression for 

the noise voltage at the gate of M7 is,

____________ — 8fcf___________
fe= 0  C oxW L i r 2( 2 k + l ) 2 ( l + 2 m + 2 k f ^ R l r

- A C f s ( 2 k + l ) v R on-

a r c t a n ( 2 C i r R OJl ^  ( ^ + 1 ) / «  j  ^

-In

+ E 8 k f

k = 0 C o x WL i r 2( 2 k + l ) 2 ^  8c 2 f 2 ( i + 2k)2v 2R l n )

4C f s (2k +  l ) i r R on-

a rc ta n  ^ 2 . Cv R on ^

+  In
1+

^cvR2on̂ +î sy

"h; k, -21n(/io„)+ln(l+4C27r2H2n/2ouj) +
_ + ln(2)

\v21n(_ ^ ) _ ln(1+4C2w2fi2n(_ L _ )^

+ k hT

(4.7.10)

where C ox is the gate capacitance per unit area, W and L are, respectively, the width and 

length of the switch transistor, R0„ is the on resistance of the switch transistor, C is the 

bias retention capacitor, k j is the flicker noise process-dependent constant, k is the series 

index for the summations in region # 1  and region #2 , kb is Boltzmann’s constant, T is
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the temperature in Kelvins, fs is the sampling (i.e. clock) frequency, and fiow is the lower 

limit frequency for the flicker noise in region #3 .

In [2,48] Hajimiri and Lee introduce a new method to calculate the phase noise in a 

VCO. In particular, in [2], the impact of noise in the bias tail current of an LC oscillator 

on the phase noise is investigated. It is shown tha t the noise in the bias tail current does 

result in a change in the phase noise of the VCO. As a result, to see the impact of the noise 

at the gate of the tail current bias transistor, M7, due to the noise from the switched-bias 

circuit, on the overall phase noise, the gate voltage value must be converted to the bias 

current. This is done by multiplying by the square of the transconductance of the tail 

current bias transistor, (i.e. M7) which is in the triode region of operation,

h n =  (Vgn) ( g 2J  (4.7.11)

Substituting in the expression for Vgn from (4.7.10), the complete expression for the 

bias noise is,

L n —9ri

—8 k j
oo

fc=0 C OIW L ^ { 2 k + l f  ( g + 2 / 2 (1+2fc) 2ff2 i? 2j

- i C f s (2k+l)TrRon- 

a r c t a n ^ 2 C n R 0n ^  C k + l ) / s

( l +  ^

lny4CWRln( W + l )/s

+  £
8 k f

k = 0 C ox W L k * (2 fc + l)2 (  s c 2/ 2 ( l+ 2 fc )27r2 i?2,

A C f s ( 2 k + l ) n R O

a r c t a n ^ 2 C n R 0n ^

T  In 

+ ln (2)

1+
4 C ^ R l J ^ + Vfs

k f  f  - 2 1 n ( / lou, ) + l n ( l + 4 C 27r2 i?2„ / Io „ )  +  

2 W L C 0x lv 2 1 n ( _ ^ ) _ l n ( 1 + 4C '27r2f l 2n ( 2 ^ c ) 2)

] k)}'r
^  c

4.7.12)

It should be noted that, as can be seen from Figure 4.15, the flicker noise from region 

# 1  overlaps with the flicker noise from regions # 2  and # 3  and this overlap increases as
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the sampling frequency, fs , decreases. Therefore the flicker noise will be higher for lower 

sampling frequencies.

4.7.1 Transient N oise Sim ulation

As mentioned in the previous section, it has been shown by Hajimiri and Lee in [2] tha t 

there is a link between the bias current noise and phase noise. Therefore to investigate 

the noise in the bias current, this noise was simulated through transient simulations, 

using the testbench shown in Figure 4.17. A transient simulation was run for 1ms both 

with and without noise, and a DFT was performed on the bias current signal to obtain 

the frequency spectrum, as shown in Figure 4.18 and Figure 4.19. The transient with 

noise simulation used minimum and maximum noise frequencies of 100kHz and 5GHz, 

respectively.

As expected, the bias current has a frequency tha t is double the VCO oscillation 

frequency. As explained in [2], the reason for the increase in frequency is tha t the tail 

node is “pulled up every time one of the differential NMOS transistors turns on,” and as 

a result, the tail node moves at twice the frequency of the differential voltage.

Figure 4.18 shows a comparison of the bias current spectrum for the case of the tran 

sient simulation both with and without noise. It is seen tha t the addition of the noise 

leads to a shift in the center frequency, as well as some spreading of the signal. Figure 

4.19 provides a zoomed in view of the spectrum, and spurs due to the clock frequency can 

be observed at offsets from the center frequency. These spurs will be discussed further in 

Section 4.8.

It is also of interest to plot the VCO output and do a comparison between the case 

when the switch in the switched-bias circuit is switching, and the case when there is 

no switched-bias circuit included in the VCO. A transient simulation with noise, and a 

clock frequency of 1MHz, was run for 1ms using the testbench shown in Figure 4.17. 

The transient with noise simulation used minimum and maximum noise frequencies of 

100kHz and 5GHz, respectively. For the second case, for the VCO without the switch, 

the testbench Figure 4.20 was used, and again the transient simulation was run for 1ms.
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Figure 4.17: Testbench used to measure the bias noise and the VCO output. The transient 
simulation was run both with and without noise, for 1ms. The bias current was measured 
where it is indicated in the testbench. The current waveform and the VCO output were 
then transformed into their equivalent frequency spectrum using a D FT with a resolution 
of 10kHz, using 524,288 sample points. The clock was toggled at a rate of 1MHz.
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Bias current, 
^ T ra n sien t with noise

Bias current, 
Transient v  
without noise

2.7 2.8 2.9 3.0

Frequency [GHz]

Figure 4.18: Spectrum of the bias current for the case of the transient w ith and without 
noise. The current waveform was transform ed using a D FT w ith a bin size of 10kHz, 
using 524,288 sample points. The clock was toggled a t a rate of 1MHz. It is seen th a t a 
frequency shift occurred due to  the noise.
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center frequency,fc

2.81 2.83 2.85 2.87
Frequency [GHz]

Figure 4.19: A zoomed in view of the spectrum  of the bias current for the transient with 
noise simulation. The current waveform was transformed using a D FT with a bin size of 
10kHz, using 524,288 sample points. The clock was toggled at a rate  of 1MHz. Spurs due 
to the clock are seen in the spectrum  plot.

In both  cases, the VCO output spectrum  was plotted using a  D FT  function, with a bin 

size of 10kHz and 524,288 sample points as is shown in Figure 4.21.

It is seen from Figure 4.21 th a t the switch causes a shift in the center frequency from 

1.421GHz in the case where there is no switch in the VCO to  1.426GHz when the switch 

has a clock frequency of 1MHz. As well, it is observed th a t there is a decrease in the 

amplitude of the center frequency, and an increase in the spreading of the spectrum  near 

the center frequency for the plot in Figure 4.21(a) which is the VCO with the switch, 

when compared to  spectrum  in Figure 4.21(b), which is narrower. This spreading of the 

spectrum  results in higher phase noise. Lastly, as was observed for the bias current noise, 

spurs due to the clock frequency can be observed in Figure 4.21(a) at offsets from the 

center frequency. These spurs will be discussed further in Section 4.8. Therefore the 

addition of the switch does result in a change in the output spectrum  and this explains 

the 0.3dB increase in phase noise th a t was observed in Section 4.5 when the switched-bias 

circuit was included in the VCO.
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Figure 4.20: Testbench used to measure VCO output when the VCO does not have a 
switch. The transient simulation was run for 1ms, and the VCO output waveform was 
then transformed into its equivalent frequency spectrum using a DFT with a resolution 
of 10kHz, using 524,288 sample points.
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fc=1.426GHz,-6.51dB

1.39 1.42 1.45 1.48
Frequency [GHz]

(a) Transient w ith noise and 1 MHz clock switching

fc=1.421 GHz, -2.17dB

1.39 1.42 1.45 1.48
Frequency [GHz]

(b) Transient with no switch included in the VCO

Figure 4.21: The VCO output spectrum  is plotted for the case: a) a  transient noise simu
lation with a clock frequency of 1MHz toggling the switch, and b) a transient simulation 
for the VCO without a switch. The VCO output waveforms were transformed using DFTs 
with a  bin size of 10kHz, and 524,288 sample points. Spurs and spreading of the spectrum 
due to  the clock are seen in the spectrum  plot for (a) when compared to the spectrum in 
(b).
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Therefore this section has illustrated the impact tha t the noise in the bias current and 

the addition of the switch to the VCO circuit will have on the VCO phase noise. It has 

been shown tha t the noise contribution due to the switched-bias circuit leads to relatively 

small phase noise, and as a result should not have a large impact on the overall VCO 

phase noise. The next section will investigate the spot flicker and kT /C  noise values for 

the switched-bias circuit.

4.7.2 Spot N oise

It is also of interest to investigate which noise source, the flicker noise or the kT /C  noise, 

is larger at the frequencies of interest (i.e. at the close-in frequencies). This question is 

answered by plotting the spot flicker noise and the spot kT /C  noise versus frequency, f. 

The equation for the spot flicker noise is,

S f l i c k e r U ) l+(2-K} R onC ) 2 W L C o x f (4.7.13)

where Cox is the gate capacitance per unit area, W  and L are, respectively, the width and 

length of the switch transistor, Ron is the on resistance of the switch transistor, C is the 

bias retention capacitor, and k / is the flicker noise process-dependent constant.

The equation for the spot k T /C  noise is derived by Kundert in [47],

S c ( f )
  4 mkfyTRon
~  1+ ( 2 tr f R o n C ) 2

4 m k bT  R on

+

Q ( -f \  __ 4 7 7 lfc fo i rton  |

U  ) -  l+ ( 2 7 r / i ? 0„ C ) 2 ' r

(1 — m )  s i n e  1 — m ) j 2kbT
Cf s

2 kbT  
C f s

(4.7.14)

where k(, is Boltzmann’s constant, T  is the tem perature in Kelvins, Ron is the on resistance 

of the switch transistor, C is the bias retention capacitor, m is the duty cycle, fs is the 

sampling (i.e. clock) frequency and sinc(x)=sin(7rx)/(7rx).

The values of the parameters used to evaluate (4.7.13) and (4.7.14) are given in Table 

4.5, and the plot of the spot flicker and kT /C  noises versus frequency is shown in Figure 

4.22.
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Table 4.5: Summary of parameters used to evaluate the noise due to the switched bias 
circuit ._____ „_______________________

ĉ ox 8.46xlO-3Fm -2
c lOpF
W lOf im
L 0.38/rm

f̂ on 437.20

k/ 4 .0xl0_25V2F
kt 1.38xl0-23 m2kgs_2K_1
T 300 degrees Kelvin
m 0.5
U 1MHz

N
X
c\i
<>

Spot Flicker noise<D
CDcc

-4—»

£
0w
'o
2

1e-15-

Spot kT/C noise

1e61e4 1e5

Frequency [Hz]

Figure 4.22: Plot of the spot flicker noise and the spot kT /C  noise versus frequency. It is 
seen tha t the flicker noise dominates at the lower frequencies.
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As can be seen from Figure 4.22, flicker noise is the dominate noise source at the lower 

frequencies. Therefore, for the close-in frequencies of interest for this research, the flicker 

noise will dominate over the k T /C  and therefore the flicker noise is the main noise source 

of interest. In addition, Figure 4.22 also indicates that the switching noise will not have 

a large impact on the overall phase noise as the flicker noise is several magnitudes larger.

4.8 Spur S im ulations

The spurs tha t result due to the switching nature of switched-bias circuit will now be 

investigated. At the frequencies of interest the output signal at the gate of the tail 

current transistor (M7) can be represented as a piecewise linear function, as shown in 

Figure 4.23. As shown in this figure, the signal is made up of a square wave portion which 

results from the square wave clock signal, a portion that resembles a sawtooth wave, which 

is a result of the droop of the gate voltage due to charge leakage from the bias retention 

capacitor, and a tra in  of impulses tha t represent the spikes at the points when the clock 

is switching. Figure 4.23 shows a plot of the piecewise linear model, and a plot of the 

simulated actual voltage at the gate of M7 when the switch is toggled at a rate of 1MHz. 

A comparison of these two plots shows tha t the approximation of the voltage at the gate 

of M7 using a piecewise linear model is valid and is a good approximation to the actual 

signal. In addition, the plots show the same shape as was observed in the measurement 

results of the change in voltage at the bias retention capacitor shown in Figure 5.15 in 

the measurement section (subsection 5.2.3)
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 Simulation data  for Vgs of M7

i  Theoretical PWL function for Vgs of M7

C o m p o n e n t s  o f  
p i e c e w i s e  l i n e a r  
m o d e l :
( a )  S q u a r e  w a v e
(b )  S a w t o o t h  w a v e
(c )  I m p u l s e s

S i m u l a t e d  V g s

T h e o r e t i c a l  V g s  
t P W L  f u n c t i o n ) -

0 1 2 3 4 5 6

Time [us]

Figure 4.23: A comparison of the simulated Vgs voltage at the gate of M7 for a clock 
frequency of 1MHz, and the piecewise linear model th a t is being used to represent the 
Vgs voltage a t the gate of M7 to determine the location of spurs. This figure shows th a t 
the piecewise linear model is a good approxim ation for the frequencies of interest.

The equation used to obtain the theoretical plot is,

=  i  £  “V V i r "  +  i  ( g & )  £  +  f M  £  +  H i.. (4.8.1)
k— 1 k—1 k—1

where the first term  is the Fourier series of the square wave due to the square wave 

clock; the second term  is the Fourier series of a sawtooth waveform, multiplied by the 

rate of charge leakage (keak) of the bias retention capacitor,C, which indicates the droop 

due to leakage; the th ird  term  is the Fourier series of a tra in  of impulses which represent 

the noise at the switching points; and the last term  is the DC bias voltage for the tail 

current transistor, M7.

To simulate the effect of spurs on the VCO output signal, a piecewise linear input 

source was used a t the gate of the tail current transistor, M7, as shown in the testbench 

in Figure 4.24.
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lin e a r
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Figure 4.24: Testbench used to simulate the effect of spurs using transient simulations 
and a piecewise linear input source at the gate of M7, the NMOS transistor in the bias 
network forming the tail current of the VCO.
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To determine the expected location of the spurs, the piecewise linear expression in 

(4.8.1) can be expanded,

Therefore from (4.8.2) it is expected th a t the largest spurs will occur at the odd 

harmonics of the clock frequency (at offsets from the center frequency of the VCO), 

as at these frequencies the sawtooth waveform and the square waveform will be added 

together. There will also be smaller spurs occurring at the even harmonics due to the 

sawtooth waveform. All of the spurs will decrease in size as the frequency increases 

as the coefficients decrease for higher harmonics. The plot shown in Figure 4.25 is the 

frequency spectrum of the VCO output, and as expected, the spurs occur at offsets from 

the center frequency at the even and odd harmonics of the sampling frequency. Also, as 

was predicted, the odd harmonics have a larger amplitude than the even harmonics, and 

all of the spurs decrease in size as the frequency increases (as the offset from the carrier 

frequency increases).

Some of the factors tha t will affect the location and amplitude of the spurs include the 

clock amplitude and mismatch. As the clock amplitude increases, the size of the spurs 

will increase as the square waveform representing the clock in the piecewise linear model 

will increase and result in a larger contribution to the spurs. As for mismatch, the larger 

the mismatch, the more shift and spreading of the frequency spectrum and the spurs 

will spread out. Mismatch results in a shift in the center frequency of the VCO as the 

differential pair does not switch as well when there is mismatch.

The change of the voltage at the gate modelled by the piecewise linear model will 

result in a change in the bias current. The tail current transistor, M7, is generally in

1 £ [sin uidkt +  |  sin 3ujdkt  +  |  sin 5ujclkt  +  |  sin 7u dkt  +  ...]

sin ujdkt  +  \  sin 2 u clkt  +  |  sin 3codkt  +  \  sin 4codkt  

[ + |  sin 5LOdkt  +  |  sin 6u dkt  +  \  sin 7u dkt  +  ...
e j 2 * f c i k t  _|_ e 2 j(2 7 r /)o(fct _|_ e 3 j ( 2 7 r / ) c,fct  _|_ e i j ( 2 n f ) clkt  _|_ g 5 j(2 7 r f ) cikt

~\~ frlk
+ e Gj(2ir f ) M t +  e 7 j ( 2 * f ) clkt  +  _

\  V Ffcias /

[4.8.2)
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fc+2fs
fc+3fs

fc+4fs /fc+5 fs

1.419 1.420 1.421 1.422 1.423 1.424 1.425

Frequency [GHz]

Figure 4.25: A DFT with a resolution of 10kHz, done using 524,288 sample points was 
done on the transient VCO output when the input to the gate of the tail current transistor, 
M7, was a piecewise linear source. The transient simulation was run for 1ms. The result 
is spurs occurring at offsets from the center frequency,fc, at the harmonics of the sampling 
frequency, fs, of 1MHz.
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triode, therefore using the large scale M OSFET equations, the bias current is related to 

Vgs of M7 as follows,

Id,M7 = hias =  tJ"lC°xW ^(Vgs — Vth) VdS ~ (4.8.3)

and substituting in the expression for Vgs given in (4.8.1), the complete expression 

for the bias current is,

2

Therefore the change in Vgs for M7 will result in variations in the bias current. These 

variations in bias current may have an impact on the frequency of the VCO.

To illustrate tha t the flicker noise dominates in this circuit for close-in frequencies, the 

phase noise for the VCO both with the switch ON and OFF was plotted for offsets 

between 10kHz and 10GHz, as can be seen in Figure 4.26. The slope per decade of 

the phase noise plot was calculated, and is shown on Figure 4.26. As was mentioned 

in subsection 2.6.1, for the frequencies where the flicker noise dominates, there should 

be a slope of 30dB/decade. At the 1 /f noise corner of the circuit, the slope becomes 

20dB/decade, and then finally becomes relatively flat when the therm al noise dominates 

at the higher frequencies. Therefore, as expected, the flicker noise dominates up to an 

offset frequency of approximately 1MHz, after which point the slope begins to decrease 

towards 20dB/decade. W ith this decrease in the slope it is also observed tha t the reduction 

in phase noise observed between the case when the switch is opened and when the switch 

is closed begins to decrease, again reinforcing the idea tha t the switched-bias technique 

is most useful at the close-in frequencies.

sin((2fc—l)u>cikt)
* t l  (2fc~1} "

sin {kuicUct) 
k

\

hias = l̂ £f K  + fdk g  + Vbias
\  L fc=i

- V th VDS 

/
(4.8.4)

4.9 Flicker N oise: S lope o f P hase N oise  P lo t
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(flicker noise)-150
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Figure 4.26: The slope of the phase noise plot is shown for offset frequencies between 
10kHz and 10GHz. The flicker noise is shown to dom inate up to  approximately 1MHz.

4.10 C hap ter Sum m ary

•  This chapter began with a look at the design of the VCO presented in [8, pp. 12- 

40]. The simulated and measured results for this VCO, which was used as the 

benchmark for this research in term s of phase noise values, were also presented. 

The bias network of the VCO presented in [8, pp. 12-40] was modified to  include the 

switched-bias circuit.

•  Next the focus moved to  the integration of the switched-bias circuit into the VCO.

•  The layout for the  complete circuit was presented, including a discussion on the 

particular layout practices th a t were taken into consideration.

•  In addition, a discussion of the simulation challenges were presented. Lastly, the 

simulation results themselves were presented to validate the use of the switched-bias 

circuit within a VCO to  reduce phase noise. This includes a discussion of the impact 

spurs th a t may result due to the toggling of the switch may have on the VCO.
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Chapter 5 

M easurem ent R esu lts

5.1 P C B  design

A printed circuit board (PCB) was designed to test the manufactured chip. The die was 

mounted on a gold-plated landing pad using conductive silver epoxy. It is estimated tha t 

the bond wires are approximately, on average, 3mm in length. The bond wires were used 

to connect the twenty-two aluminum pads on the integrated circuit to the appropriate 

traces on the PCB.

The PCB was designed by Vladimir Vukovic and the top and bottom  views of the 

PCB layout showing the connections made between the chip and components are pre

sented in Figure 5.1 and Figure 5.2, respectively. The PCB was fabricated by CMR 

Summit Technologies on a two-layer, 62-mil panel with an FR4 substrate. The PCB has 

a size of 3inches by 2inches. The chip landing pad is 4mm by 4mm, which was used to 

accommodate the overall chip size of 3mm by 3mm. The two-sided board was chosen to 

allow signal routing on both sides of the board. The bottom of the PCB also provides a 

solid ground-plane underneath the output RF signal.

Both through-hole and surface mount components were used in this design. All of the 

components placed on the top side of the board except for the power-supply decoupling 

capacitors, which were placed on the bottom  of the board due to space constraints. A 

complete bill of materials (BOM) is shown in Appendix A, and the photo of the populated 

PCB is shown in Figure 5.4. A combination of SMA connectors and pins were used to 

connect the inputs and outputs of the PCB to test equipment. A list of the signals the

95
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SMA connectors are used for is given in Table 5.1.

•  # #  »

X

•  •  •

Figure 5.1: The top view of the PCB layout.

A block diagram showing an overview of the connections on the PCB to the fabricated 

chip, ICFCUCFD, is shown in Figure 5.3. These connections include the currents used to 

bias the VCO, the control voltage, Vctrl, used to tune the VCO, the clock inputs used to 

turn the main switch and dummy switch used in the switched-bias circuit on and off, the 

power supply connections, the bias test point, VcapTest, and lastly the output, Fout. The 

following sections will discuss how the power supply and DC signals, the current sources, 

the ESD protection, the output, and the bonding were implemented.
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•  • •• •
Figure 5.2: The bottom  view of the PCB layout.

Table 5.1: List of the signals connected to the SMA connectors
Number Signal Name Explanation of the signal
SMA1 SwitchCLK3bar Second clock input used to control the second 

dummy switch
SMA2 SwitchCLKlbar First clock input used to control the first 

dummy switch
SMA3 SwitchCLKl First clock input used to control the first 

main switch
SMA4 SwitchCLK3 Second clock input used to control the second 

main switch
SMA5 Fout O utput of the VCO
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Figure 5.3: Block diagram showing the PCB layout.

Figure 5.4: Photo of the populated PCB.
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5 .1 .1  P ow er S u p p ly  and  D C  in p u ts

A 1.8V voltage supply was used to power this design. In addition, to achieve the 1.4GHz 

frequency for the VCO, a control voltage, Vctrl, of 1.5V was applied to the circuit. The 

last DC signal to consider is the signal Dischargeln, which was described in subsection 4.2 

as a signal used to provide a mechanism to discharge the bias retention capacitor during 

testing.

A decoupling network consisting of a ferrite bead and various size capacitors was 

placed on each DC input line to help noise tha t can result from noisy power supplies. The 

circuit used for the power supply decoupling is shown in Figure 5.5.

DC signal 
from supply

10pF:

Ferrite
bead

10pF: :0.1pF:

DC signal 
to chip

0.01 pF:

Figure 5.5: DC signal decoupling network.

The decoupling network uses bypass capacitors with values of 10/rF, 0.1/iF and O.Ol^F, 

as suggested in [49], to present low-impedance paths which help reduce noise. This range 

of capacitors was chosen to help filter both low and high frequency noise. The presence 

of the ferrite bead provides a large series impedance path to ground for unwanted AC 

signals, while still providing a low impedance at DC.

5.1.2 Current Sources

The fabricated chip requires two bias currents, one for the bias network and one for the 

output buffer. Current sources on the PCB were used to generate the current the Ibias, 

the current used to bias the VCO, and Ioutbuf, the current used to bias the output buffer. 

The circuitry to generate these current is shown in Figure 5.6. The figure shows tha t the 

configuration to generate Ibias (see Figure 5.6(a)) and Ioutbuf (see Figure 5.6(b)) are 

different. This is due to the fact th a t Ibias is the current for a PMOS current mirror,
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while Ioutbuf is the current for an NMOS current mirror.

LM334Z VDD LM334Z

Rset
Rset><-iIbias loutBuf

2-pin
connector

2-pin
connector

V+ V+

(a) (b)

Figure 5.6: Current reference configurations used to source/sink current in the current 
mirrors.

The current is controlled through the use of a three-terminal adjustable current source 

(part number: LM334Z). LM334Z is a current source chip tha t generates a current tha t 

can be controlled by changing the resistance across R and V- terminals, as shown in 

Figure 5.6, though the use of a potentiometer (represented by Rset in Figure 5.6). The 

relationship between current generated and the resistance providing in [50] is given by 

equation,

I  r e f  =
227n V / ° K  6 8  m V

(5.1.1)
R s e t  R s e t

where I r e f  is the current generated by the source and R s e t  is the resistance be

tween the R and V- terminal. For a tem perature of 298 degrees Kelvin (approximately 

room temperature and the expected operating temperature for the PCB), as shown, the 

numerator of (5.1.1) reduces to 6 8 mV.

Based on the minimum value of current required, the potentiometer size required to 

generate Ibias and Ioutbuf was determined using (5.1.1). The maximum resistance for 

each current generated is shown in Table 5.2.

A sample calculation for the values shown in Table 5.2 is shown by equation,

R s e t  =
6 8  m V  6 8  m V

i R E F \ m A
=  6811 (5.1.2)
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Ta Die 5.2: Potentiometer resistance value and currents generated on the PCB
Current name Current value Potentiometer (maximum) resistance

Ibias 1mA 10012

Ioutbuf 240/rm lk !2

with I r e f  — Ibias set to 1mA. The result is a required resistance of 6811, therefore 

the LM334Z current source with a maximum resistance of 10012 was chosen to generate 

the current for Ibias. The same calculation was done to determine the resistance value 

required for Ioutbuf.

A 2-pin connector is used to allow the current to be measured and set to the appropriate 

value using a multimeter, as the potentiometer is adjusted. Once the desired current is 

achieved, a jum per is placed across the two pins of the connector, creating a path for the 

current to flow into the chip.

5.1.3 ESD protection

The ESD protection circuitry was added to all DC and low-frequency (i.e. the clock) 

inputs tha t are connected to the gate of a transistor. The ESD protection circuitry has 

been labelled on the photo of the PCB shown in Figure 5.4. This circuitry is used to 

protect the fabricated chip from large voltages tha t could damage the transistors. A 

diagram of the ESD protection circuitry, as presented in [35], is shown in Figure 5.7. As 

described in [35], the reverse-biased diodes are used to direct charge tha t results during 

an ESD event (ex. a large voltage could be accidently transferred to the chip while being 

handled if the person was not properly grounded) to the supply-rails and therefore away 

from the transistor on the chip.

During normal operation of the chip (i.e. no ESD event) the diodes are reverse biased 

and the signal is travels to the chip as expected. However, when an ESD event occurs, the 

diodes become forward biased, allow the excess charge to be re-directed to the PCB power 

supply network and away from susceptible transistors on chip. An additional zener diode 

was added between the supply line and ground to help further facilitate the dissipation 

of the charge to the ground plane.
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The ESD protection circuit is implemented using the NUP4301MR6T1 diode array 

component from ON Semiconductor [51] as the clamp, reverse-biased diodes. This diode 

array can simultaneously protect four data  lines, which helped reduce the number of 

components required on the PCB. The zener diode is implemented using the DS9502 

component from Dallas Semiconductor [52],

VDD

(PCB Traces

DC and Low 
Frequency Signals 
On Chip y,

Figure 5.7: Schematic of the ESD (electrostatic discharge) protection circuitry.

5.1.4 Bonding

As mentioned above, the chip was mounted on a gold-plated landing pad using conductive 

silver epoxy. The bonding placement was done by Laurent Mouden using the facilities at 

Ecole Polytechnique in Montreal. The bond wires are aluminum and have a 25m diameter. 

The bonding diagram used to facilitate the bonding process by showing the connections 

between the chip and the PC is shown in Figure 5.8. The actual bonded chip is shown 

in Figure 5.9. As can be seen from the photo, care was taken to ensure the bond wires 

did not contact the landing pad, which would result in the chip being shorted out. It can 

also be observed th a t long bond wires were required to attach the DC signals, as it was 

required to jum p over another circuit tha t was fabricated on the same chip. This again 

shows that the placement of the signals, as described in section 4.2 was im portant, as the 

DC signals can tolerate the longer bond wires better than the RF output would, due to 

the extra resistance associated with longer bond wires.
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Figure 5.8: Bonding diagram used to indicate bond wire connections between the chip 
and the PCB.
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Figure 5.9: Photo of the chip bonded to  the PCB.

5.1.5 R F output

The RF output of the chip was designed to  be measured using either a spectrum analyzer 

or an oscilloscope. For th a t reason, the ou tpu t trace on the PCB is connected to an SMA 

connector. DC blocking capacitors are placed along the output trace to  block any DC 

components of the signal th a t may be present. A 51pF and 0.5pF capacitor were chosen 

as they had a self-resonant frequency at the frequency of interest, and the combination of 

the two capacitors provides a larger bandw idth than  would be obtained with only one of 

these capacitors.

5.2 T est setu p  and M easu rem en t R esu lts

5.2.1 Test Equipm ent

The following equipment was used during the testing process:

•  Agilent Infiniium 54855A DSO 6 GHz Oscilloscope

•  Agilent E4440A PSA Series Spectrum Analyzer, 3Hz-26.5GHz
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• Agilent 33250A 80MHz Function/A rbitrary Waveform Generator

• Agilent 6624A System DC Power Supply

• Keithley 2010 M ultimeter

5.2.2 Testing of VCO w ithout Switched-Bias Circuit

The version of the VCO which did not contain the switched-bias circuity was tested first 

to serve as a benchmark against which the VCO with the switched-bias circuit could 

be compared. A diagram of the test setup used to take the measurements is shown in 

Figure 5.10. It was determined tha t for a control voltage, Vctrl, of 1.5V, the center 

frequency for the VCO without the switched-bias circuit was 1.47GHz, as is shown in 

the result obtained from the oscilloscope, Figure 5.11. The phase noise for the VCO was 

measured using the spectrum analyzer, as shown in Figure 5.12. A comparison between 

the simulated phase noise values presented in section 4.5 and the measured phase noise 

(PN) for the VCO without the switched-bias circuit is shown in Figure 5.13. The values 

match well at the lower offset frequencies, with a 1 .6 % difference between the simulated 

and measured phase noise for the VCO at a 100kHz offset. However, the difference in the 

values increases as the offset frequency increases. At an offset of 10MHz, the difference 

between the simulated and measured phase noise values for the VCO rises to 8.5%. This 

indicates that in reality the therm al noise floor is higher than was used in the simulations, 

as the thermal noise becomes the dominant noise at higher frequencies.

Comparisons between the simulation results presented in section 4.1 and section 4.5 

and measured results for the VCO without the switched-bias circuit are shown in Table 

5.3.

Table 5.3: Comparison of simulated and measured results for the VCO without the
ha,s circuit

Parameter Simulated Measured Percentage Difference
Center Frequency 1.41GHz 1.47GHz 4.3%
Tuning Range 17% 4.8% 72%
Power dissipation 6 .6 mW 9.9mW 33%
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Agilent 54855A 
6GHz 

Oscilloscope

Agilent 6624A 
DC Power Supply

Agilent E4440A 
3Hz-26.5GHz 

Spectrum Analyzer

Vctrl

Fout

DUT

Figure 5.10: Test setup for the measurements taken for the VCO without the switched- 
bias circuit.
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Figure 5.11: Plot of the output of the VCO without the switched-bias circuit from the 
oscilloscope. Calculations (inverse of the time period as shown in the plot) show tha t the 
center frequency of the oscillator is 1.47GHz.
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Figure 5 .1 2 : P lot of the output from the spectrum  analyzer for the VCO without the 
switched-bias circuit, showing the phase noise when the VCO is centered a t 1.47GHz.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



108

o7

0 5
2>4
«3

100001000100

Offset Frequency [kHz]

S im u la t e d  P N  v a l u e s  
M e a s u r e d  P N  v a l u e s-20

-40

-60

-80 M easured PN value

-100

Simulated PN value
-140

-160
100001000100

Offset Frequency [kHz]

Figure 5.13: A comparison of the simulated and measured phase noise (PN) values for the 
VCO without the switched-bias circuitry is shown on the bottom  curve. The top curve is 
the percentage difference between the simulated and measured VCO phase noise values.
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Using the frequencies listed in Table 5.4, the tuning range, TRyco> w&s calculated, as 

a percentage, using equation,

T  R v c o  —
fh ig h  f lo x 1 0 0 % (5.2.1)

fc e n te r

where ihigh is the highest VCO frequency, associated with the lowest control voltage, 

Vctrl=1.2V for this VCO, fiow is the lowest VCO frequency, associated with the highest 

control voltage, Vctrl=1.8V for this VCO, and icenter is the VCO’s center frequency, 

associated with the mid control voltage, which is Vctrl=1.5V for this VCO.

Table 5.4: Frequency values used to determine the tuning range of the VCO
Control voltage, Vctrl Simulated Frequency Measured Frequency
1.2V 1.51GHz 1.49GHz
1.5V 1.41GHz 1.47GHz
1.8V 1.27GHz 1.49GHz

The simulated frequency values were measured by running a transient simulation using 

the schematic shown in section 4.1 and varying the control voltage, Vctrl between 1.2V 

and 1.8V, as was specified in [8 ]. The frequency was measured at the output of the VCO 

(Vout+ in this case, though Vout- showed an equal frequency). For the measured values, 

the test equipment was setup as shown in Figure 5.10 and the frequency was read from 

the spectrum analyzer as the control voltage, Vctrl, was swept from 1.2V to 1.8V.

The frequency values match well with a percentage difference of 4.3% between the 

simulated and measured values. The power dissipation is 33% higher than expected. This 

is due to the fact tha t extra current was required to properly bias the VCO, indicating 

that the current mirror was not perfectly mirroring the current. The tuning range is 

much lower than expected, with a difference of 72% between the simulated and measured 

values. The cause of this is likely in part due to the modelling of the MOSCAPs done 

through the simulations; it appears tha t the simulations did not accurately predict the 

available range the MOSCAPs can achieve. It is possible tha t through the fabrication 

of the MOSCAPs the capacitance range expected changed, for example due to parasitic 

capacitance, reducing the tuning range available.
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5.2.3 Testing of the VCO w ith  the sw itched-bias circuit

Through observations it was observed th a t the switches used in the switched-bias method 

are functional. A diagram of the test setup used to take the measurements is shown in 

Figure 5.14.

Agilent 54855A 
6GHz 

Oscilloscope

Agilent 6624A 
DC Power Supply

Agilent E4440A 
3Hz-26.5GHz 

Spectrum Analyzer

CLK
  DUT
CLK \, i I x/Vctrl Vi

Agilent 33250A 
Function/Arbitrary 

Waveform Generator

Figure 5.14: Test setup for the measurements taken for the VCO with the switched-bias 
circuitry.

The voltage variation, A V s, at the bias node is a problem encountered in this circuit 

when the main switch is opened. The problem is illustrated in Figure 5.15. In this plot, 

a clock of 1MHz is being used to turn  the switch on and off. When the switch is on, the 

voltage at the bias node remains at a constant value. When the switch is opened, the 

voltage at the bias node should continue to remain constant. However, due to leakage of 

the charge to the substrate, the voltage at the bias node begins to decrease. To further 

investigate this leakage, the voltage variation at the bias node, A V s, for clock frequencies 

between 100kHz to 10MHz, in steps of 1MHz were examined. The results are shown in 

Figure 5.16. As expected, as the clock frequency increases the voltage variation at the 

bias node decreases because the capacitor has less time to discharge before the switch 

closes to begin charging the capacitor again.
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Figure 5.15: Plot showing the voltage change at the bias retention element, given by A V b - 
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Figure 5.16: Plot showing the trend of the voltage variation, A V b , a t the capacitor, C2, 
as the clock frequency on the switch is changed.
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Figure 5.17: Plot showing the voltage variation observed due to the oscilloscope probes 
used to take measurements of the circuit.
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To ensure tha t the leakage value being measured was due to the circuit itself, and not 

due to the oscillator probe, the leakage in the probes was measured. This measurement 

was done using a capacitor isolated on an insulated surface. The capacitor (10/rF surface 

mount capacitor) was charged to 1.8V; then the oscillator probes were attached to the 

capacitor and the change in voltage was monitored. As is shown in Figure 5.17 the leakage 

from the probes is minimal as it takes 3 seconds to discharge the capacitor. This result 

indicates tha t the leakage observed at the bias node of the circuit obtained during the 

measurements is mainly due to leakage of the charge through the substrate and not due 

to the oscilloscope probes.

5.2.4 Challenges encountered during the testin g  of the VCO  
w ith the sw itched-bias circuit

Though the VCO used to verify the switched-bias circuitry had been tested on its own 

(i.e. without the switched-bias circuit), when the VCO with the switched-bias circuit was 

tested it would not oscillate. Several tests were done to try and determine the reason for 

the lack of oscillations, and they will be discussed within this section. Seven chips were 

tested in all during this process.

To begin debugging the circuit, the bias currents were adjusted. Various combina

tions of increasing and decreasing the currents was tried. While the currents were being 

changed, the overall current was monitored to ensure the correct operation of the cur

rent mirror and tha t the overall current was within the expected range (of approximately 

20mA, for the complete circuit, including the buffers that are used at the output of the 

design, as mentioned in section 4.1). These tests showed tha t the current mirrors were 

functioning properly, but that changing the biasing did not result in oscillations for the 

VCO.

The eliminate the possibility tha t the additional switched-bias circuitry was causing 

the problem, the VCO was biased directly through the VcapTest point, which was de

scribed in 5.1. VcapTest, which is located at the gate of M7 (refer to Figure 3.14), was 

included both as a measurement test point, as well as to allow external biasing the VCO,
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if required. However, externally biasing the VCO did not solve the problem, and the VCO 

continued to not have any oscillations.

No kick-start input had been included with the circuit due to the strength of the 

oscillations of the previous fabricated VCO, which also did not include a kick-start input. 

As space was at a premium on the chip, it was required to eliminate all but the essential 

circuitry. As a result there was external circuitry tha t could be used to manually start 

the oscillations. However, a pulse was placed at VDD to try and provide a kick-start to 

the VCO, but this technique did not result in oscillations at the output of the VCO.

However, testing continued to try  and locate the cause of the problem. The layout 

was thoroughly inspected, and simulations were re-run to ensure tha t the fully extracted 

VCO worked properly. Before the chip was fabricated a complete LVS (i.e. including the 

pads) had been done to ensure all of the connections were made correctly. Therefore from 

a pre-fabrication (i.e. layout and schematic) point of view there was no reason found tha t 

would explain the lack of oscillations.

To determine if the buffers were possibly dampening the oscillations before they 

reached the output, a square wave signal was inputted at the input pad for Vctrl (the 

voltage control signal, which controls the MOSCAPs used for tuning), on top of the usual 

DC Vctrl signal (which was set to 1.5V). The goal of this test was to determine if the 

signal could travel from the VCO, through the buffers, and appear at the output. The 

frequency of the input was increased by 100MHz steps to determine if the frequency of the 

input had an effect on the waveform observed at the output. The output was observed 

both on the oscilloscope and the spectrum analyzer. The peak-to-peak amplitude voltage 

value was measured from the oscilloscope and is plotted in Figure 5.18.

The results showed tha t the signal did successfully travel through the on-chip buffers. 

The buffers attenuated the signal, as it is seen tha t the 500mV peak-to-peak input signal 

has an output peak-to-peak amplitude between 7mV and 21mV. As expected there is 

generally greater attenuation of the signal (i.e. smaller amplitude) at frequencies away 

from the center frequency of 1.4GHz; however a noticeable spike in amplitude was also 

noticeable at 900MHz, which will be investigated in the next test discussed. This test of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



03
2

0  -I--------------------------- 1-------------------------- 1—  ------------------- 1--------------------------- 1---------------------------1---------------------------

0 500 1000 1500 2000 2500 3000

Frequency of 500mV square wave input to Vctrl
[MHz]

Figure 5.18: Measurement results showing the test used to verify the functionality of the 
buffers in the VCO. A square wave signal was inputted into Vctrl to determine if the 
signal could successfully travel through the buffers to the output.

the buffers proved tha t once the signal was present, it was able to appear at the output 

of the VCO, verifying th a t the buffers are not dampening the signal so much tha t tha t 

the result was a lack of oscillations at the output pad of the VCO on the PCB.

As mentioned above, from the buffer test measurements it was observed that, while 

there is the expected peak in amplitude near the desired frequency of 1.4GHz, there is 

also another peak around 900MHz. It was hypothesis tha t perhaps the bond wires were 

causing a secondary frequency to be present which was dominating the desired output 

frequency of 1.4GHz. To test this hypothesize, simulations were done by varying the bond 

wire lengths to determine if this effect could be reproduced. The focus on this simulation 

was determining the effect of changing the bond wire length at V d d , and the results 

are shown in Figure 5.20 while the testbench used during the parametric sweep is shown 

in Figure 5.19. The bond wire was modelled using the “bondwire” model provided by 

CMC in the “package” library of Cadence. 500fF capacitors were used to model the pad 

capacitance on either side of the bond wire. The bond wire length was swept from 1mm 

to 10mm in 0.1mm steps, as the frequency at the output was measured. The change in
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Figure 5.19: Testbench used to run the bond wire length parametric sweep simulation.
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Figure 5.20: Simulation results showing the change in output frequency of the VCO as 
the bond wire length at Vd d , the power supply, is changed.

bond wire length did have an impact on the output frequency, as is shown in Figure 5.20. 

The frequency increases to 1.5GHz, indicating tha t the resonant frequency is changed 

by the length of bond-wire used due to extra inductance and capacitance from the bond- 

wire. However, after approximately 4mm, the output frequency of the VCO returns to the 

1.4GHz range, indicating tha t the VCO is no longer at the self-resonant frequency of the 

parasitic capacitance and inductance from the bond-wires. Overall the frequency value 

varied by 7%, but remained within the expected range of 1.4GHz to 1.5GHz and did not 

have an additional frequency at 900MHz, as was seen in the buffer testing measurement 

results. The likely reason for the extra frequency at 900MHz is noise in the testing 

environment which resulted in interference with the measurement result. Alternatively 

there is the potential there may have been extra harmonics tha t appeared at the output 

of the VCO during the buffer testing measurements.

To continue investigating reasons for the lack of oscillations for the VCO it was decided 

to simulate the VCO over various temperatures. The reasoning behind this was tha t it
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Figure 5.21: Simulation results showing the change in output frequency of the VCO as 
simulation tem perature is swept.

is possible tha t the chip was heating up during its operation leading to incorrect output 

results (i.e. lack of oscillations). The testbench used for the tem perature test is equivalent 

to the testbench shown in Figure 5.19, minus the bond-wires. The tem perature in the 

simulator was varied and transient simulations were run to observe the frequency at 

the output of the VCO. As is shown in Figure 5.21, the VCO oscillates at the expected 

frequency of 1.4GHz over the range of temperatures simulations, from -100 degrees Celsius 

to 200 degrees Celsius. Therefore, the simulations show tha t tem perature does not affect 

the frequency of oscillation of the VCO.

The conclusion after testing six fabricated chips is tha t the non-functionality of the 

chip appears to result from a problem with the fabrication of the core of the VCO itself. 

This conclusion is based on the fact tha t tests have indicated tha t the current mirrors 

are properly supplying the desired amount of current to the chip and tha t the buffers 

are functional, as has been demonstrated in this section. The possibilities for a lack 

of oscillations due to the core of the VCO itself could be from mismatch within the
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transistors, or potentially a problem with the tank, made up of the spiral inductor, the 

fixed capacitance and the MOSCAPs. A 10% mismatch of the transistor sizes was tried in 

simulations, but this test indicated tha t even with this large a mismatch the VCO would 

still continue to oscillate. Therefore, the most likely cause of the problem is the tank, 

especially as it was not possible to simulate the design with the extracted inductor, due 

to the problem of running an LVS with inductors in the circuit (i.e. the inductors appear 

as a short circuit). It is possible that, though the inductor is properly connected in the 

layout, there might have been a fabrication problem that resulted in an incorrect inductor 

value.

The lack of oscillations in the VCO have resulted in an inability to  verify the switched- 

bias circuitry through measurements, though the simulation results show tha t this method 

appears to be promising in helping to reduce phase noise in VCOs.

5.3 C hapter Sum m ary

• This chapter discuses the test setup and measurement results obtained from the 

fabricated chip. It begins with a look at the printed circuit board (PCB) design.

• The VCO without the switched-bias circuit was tested, and served as a benchmark 

against which to compare the VCO with the switched-bias circuit.

• It was observed tha t the chip with the modified VCO returned from fabrication did 

not oscillate. The steps used to debug the chip were discussed.

• Due to the lack of oscillations in the VCO application, the effectiveness of the 

switched-bias circuit could not be measured, however, the simulations tha t were 

shown in section 4.5 indicate tha t this technique appears to be effective in reducing 

phase noise in the simulated VCO.
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Chapter 6 

C onclusion

6.1 Sum m ary o f th e resu lts obtained

Simulations have shown tha t for the switched-bias circuit used within the particular LC 

oscillator simulated there is a 6 dB drop observed in the VCO phase noise between the 

case when the switch is closed and opened. It was not possible to obtain measurement 

results from the fabricated chip to verify the decrease in phase noise, due to a lack of 

oscillations in the fabricated VCO.

However, the combination of the transfer function derived in subsection 3.4.2, coupled 

with the results from the noise simulation in subsection 3.4.3 which showed tha t the 

transistors in the bias network contribute the largest amount of noise within the circuit, 

provide information supporting the validity of this technique. In addition, it has been 

shown that the addition of the switched-bias circuit did not negatively impact the bias 

network, as the current was still properly mirrored within the fabricated chip.

6.2 C ontribution  to  R esearch

The switched-bias technique provides another means to reduce phase noise within a VCO. 

The switched-bias circuit is formed from an NMOS circuit and a MIM capacitor. This 

circuitry was placed within an LC oscillator to reduce tha t phase noise seen at the output 

of the VCO. The design and integration of the switched-bias circuit was developed. This 

included measuring the voltage variation tha t could be tolerated within the bias network.

120
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A transfer function was developed to show how the noise is transferred across the cur

rent mirror, and into the VCO. Simulations verified the transfer function, and simulations 

were further used to observe the change in VCO phase noise between the case when there 

was no switched-bias circuit in the VCO, when the main switch was kept closed, and when 

the main switch was opened.

The work described in this thesis was presented at the Wireless 2005 conference in 

Calgary, Alberta in July 2005 in a paper entitled “A Switched-Bias VCO Phase Noise 

Reduction Technique” , which was co-authored by Celine Fletcher, Daniel Olszewski, Dr. 

Leonard MacEachern and Dr. Samy Mahmoud.

6.3 Future W ork

There are several areas for future work related to the work presented in this thesis. The 

main area of interest would be in re-fabricating the chip to obtain a working VCO tha t 

could be used to verify the simulations obtained.

Different VCO configurations could be designed and tested with the switched-bias 

technique to see if a similar improvement is obtained or if the improvement is limited to 

LC oscillators. For example, it would be of interest to see if ring oscillators would be able 

to benefit from this technique as they generally have higher phase noise values than  LC 

oscillators.

The switched-bias technique could also be expanded beyond bias network, and could, 

in theory, be used to segment large circuits into small components tha t are selectively 

turned on and off as required. This has the potential to allow a large circuit to save 

power as sections of the circuit are disconnected.

Variations of the circuit can be considered. The bias retention element, which was im

plemented using a MIM capacitor in this research, could be replaced with a MOS-capacitor 

to help save on area, as MOS capacitors are generally smaller than MIM capacitors. As 

well, the NMOS switch could be replaced with a lower leakage switch, which would enable 

the noise reduction experience to be extended for longer periods of time.

Finally, the effect of spurs tha t may occur due to the clock input to the switch need to
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be investigated. Filtering may be required to reduce spurs tha t occur close to the center 

frequency of the VCO. Tests would be required to determine if these spurs reduce the 

usefulness of the switched-bias technique within a VCO.
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A ppendix  A  

P C B  C om ponents

The components shown in Table A .l were used to populate the PCB used to test the 

fabricated chip.

Table A.l: Components used to populate the PCB tha t was described in section 5.1 and 
shown in Figure 5.4.________ __________ ________________ _________________________

Component Size Quantity Manufacturer Part Number
Capacitor 10/rF 6 Kemet T491B106K010AS
Capacitor 0.1/uF 8 M uRata GRM188R71C104KA01D
Capacitor 0.01/j F 3 M uRata GRM188R71H103KA01D
Capacitor 51pF 1 M uRata GRM1885C1H510JA01
Capacitor 0.5pF 1 M uRata GRM1885C1HR50CZ01
Ferrite bead 1 0 0 0 ft 3 M uRata BLM21AG102SN1D
Potentiometer lkft 1 Bourns 3269-W-1-102
Potentiometer 1 0 0 ft 1 Bourns 3269-W-1-101
Resistor 0 .1 ft 4 Panasonic-ECG ERJ-3RSFR10V
Zener Diode N/A 1 Maxim-Dallas DS9502P
ESD protection N/A 3 ON Semi NUP4301MR6T1
SMA connector N/A 5 Johnson 142-0701-201
Current Source N/A 2 National Semi LM334Z
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