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PHASE NOISE SUPPRESSION TECHNIQUES FOR 5-6GHZ OSCILLATOR DESIGN

ABSTRACT

by Yang Zhang, M.S.
Washington State University
December 2007

Chair: Deukhyoun Heo

This thesis presents novel designs of low-phase-noise 0.18um CMOS LC voltage
controlled oscillator (VCO) and quadrature VCO (QVCO) for 5-6GHz wireless communications
applications. Using a new capacitor tapping technique, the phase noise of CMOS LC oscillators
is lowered based on the improvement of loaded-Q improvement and suppression of flicker noise
up-conversion. As a proof of concept, a 4.6GHz LC VCO using this technique is implemented
and shows measured phase noise of -120dBc/Hz at 1MHz offset while drawing 7mA from a
1.8V supply. Bottom-series coupling is a low-phase-noise coupling method for QVCOs reported
by other researchers recently. In this thesis, new analysis of bottom-series coupling is proposed
and proves its phase noise advantage. A 5.3GHz LC QVCO using bottom-series coupling and
capacitor tapping is implemented. The measured phase noise is -123dBc/Hz at 1MHz offset
while drawing 10mA from a 1.8V supply and is -118dBc/Hz at 1MHz offset while drawing
10mA from a 1V supply. Bulk coupling is another coupling method reported for low-phase-noise
QVCO design. Combining bulk coupling and capacitor tapping techniques, a 5.6GHz LC QVCO

is implemented and shows measured phase noise of -118dBc/Hz at IMHz offset while drawing

v



10mA from a 1.8V supply. Overall, all the proposed VCO and QVCOs show good measurement

performance and meet the design expectation.

This work also gives an overview of the operating principles and phase noise mechanism
of CMOS LC VCOs and QVCOs. The important role of high-performance signal generation

circuits for 5-6GHz wireless communications is also addressed.
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CHAPTER 1 INTRODUCTION
1.1. Background and Motivation

Wireless communications is the fastest growing segment of the communications industry.
Cellular systems have experienced exponential growth over the last decade and have become a
critical business tool and part of everyday life worldwide. In addition, wireless local area
networks currently supplement or replace wired networks in many homes, business, and campuses.
Many new applications, including wireless sensor networks, smart home and appliances are
emerging from research ideas to concrete systems [1].

There is increased interest in 5-6GHz frequency band wireless communication systems
other than the traditional 2.4GHz applications. The 5-6GHz band has much greater available
spectrum. In this band there are 12 non-overlapping channels, each with 20MHz of bandwidth.
This means significantly better performance as compared to the 2.4GHz band. The entire 2.4GHz
band is 80MHz wide, which only allows three non-overlapping channels. 2.4GHz WLANs can
also experience interference from cordless phones, microwaves, and other applications in this

band while 5-6GHz system is relatively free from interfering sources. Seen from Figure 1-1,

T eeeeeeeeeeeeee—
2005 2006 2007 2008 2009 2010

Figure 1-1. Roadmap for the wireless communication applications.



Wireless Metropolitan Area Networks (WMAN) 802.16 and Wireless Local Area Networks
(WLAN) 802.11n are the recent emerging wireless communications technologies and they both
have application in the SGHz frequency band. The widely used WLAN 802.11a technology is
also at SGHz.

Transceivers are the main component of a wireless communication system. Figure 1-2
shows the simplified block diagram of a transceiver which includes a receiver path and a

transmitter path. A major challenge in the design of transceiver is the design of the local
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Figure 1-2. Simplified block diagram for a transceiver.

oscillator (LO) carrier signal. The phase noise of the LO is one of the most critical parameters for
the quality and reliability of the information transfer. Phase noise is a measure of signal spread.
For multi-channel applications, if the signal spreads from one channel to adjacent channels, it
would increase the noise level and thus reduce the signal to noise ratio (SNR) of that particular
channel as well as limiting data bandwidth. Usually the LO has the frequency tuning capability

through a DC control voltage and becomes a voltage controlled oscillator (VCO). The LO shown



in Figure 1-2 is differential and quadrature LO signals may also be required in some transceiver
structures, like direct-conversion transceiver (DCT) as shown in Figure 1-3 [2]. For the
quadrature LO, phase accuracy is another important specification besides phase noise. A
quadrature LO with frequency tuning capability is called a quadrature voltage controlled

oscillator (QVCO).
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Figure 1-3. Block diagram for a direct-conversion transceiver.

1.2. Thesis Objective

As mentioned in the previous section, VCO and QVCO are two important circuit
components in a transceiver system and their phase noise is one of most critical parameters for
the quality of the system. A lot of research has been done for improving the phase noise of VCOs
and QVCOs, however, the challenge is still existent especially when the supply voltage goes
down with the technology node scaling and low power consumption is demanded for portable
applications. Therefore, the target of this thesis is to provide new techniques and design
perspectives for low-phase-noise VCO and QVCO design at low-voltage and low-power

applications.



1.3. Thesis Organization

This thesis is organized into 7 chapters. Chapter 2 will discuss the principle of oscillation
and specifications of VCOs and QVCOs. Chapter 3 will discuss the phase noise mechanism of
LC oscillators which serves as the base for the low-phase noise oscillator designs in this work.
Chapter 4 to 6 will present three original low phase noise 5-6GHz VCO and QVCO designs,
which are the core of this thesis. In Chapter 4, a new capacitor tapping technique will be
proposed to improve the loaded-Q of the resonator and the phase noise of the VCO. A 4.6GHz
LC VCO using this technique has been implemented and proves the concept. In Chapter 5, a
novel analytical framework will be presented for the bottom-series coupling method for LC
QVCOs and show that this coupling method adds zero phase shift to the resonator and leads to
low phase noise. Combining bottom-series coupling and capacitor tapping technique, a 5.3GHz
LC QVCO was then implemented to achieve ultra low phase noise performance. In Chapter 6,
bulk coupling method for QVCO will be discussed and used with the capacitor tapping technique
to design a low-phase-noise 5.6GHz LC VCO. All the three designs show good measured
performance and prove the low-phase-noise design concepts. Finally, final thoughts and

conclusions are summarized in Chapter 7.



CHAPTER 2 GENERAL THEORY OF VCOS AND QUADRATURE VCOS
2.1. General theory of VCOs

2.1.1. Principle of Oscillation of Feedback Oscillators

X(S) -+ . I@ G

F(S)

Figure 2-1. Block diagram for the oscillation principle of a feedback oscillator.

An oscillator generates a periodic output. As such, the circuit must entail a self-sustaining
mechanism that allows its own noise to grow and eventually become a periodic signal [3]. Most
RF oscillators can be viewed as feedback circuits. Consider the simple linear feedback system
depicted in Figure 2-1, with the overall transfer function

Y(S) H(S)
X(S) 1+H(S)F(S)

(2-1)

A self-sustaining mechanism arises at the frequency Sy if H(Syp)F(Sp) =-1 which means the

oscillator is actually a positive feedback system and the loop gain, L(S), can be defined as

L(S)=-H(S)F(S). (2-2)



To maintain the oscillation amplitude constant, Sy must be purely imaginary, i.e., Sy=jwy. Thus,
for steady oscillation, two conditions must be simultaneously met at w,. Firstly, the loop gain

must be unity
|H (jay)F (ja,)| =1 (2-3)
and secondly, the total phase shift around the loop must be 180°
Z{H(ja,)F(jw,)}=180" (2-4)

The above can be summarized as follows: If in a negative-feedback system, the open-loop gain
has a total phase shift of 180° at some frequency wy, the system will oscillate at that frequency
provided that the open-loop gain is unity. If the gain is less than unity at the frequency where the
phase shift is 180°, the system will be stable, whereas if the gain is greater than unity, the system

will be unstable. The conditions for stability are also known as Barkhausen’s criteria.
2.1.2. LC-Resonator Oscillators

In most RF oscillators, a frequency-selective network, e.g., an LC tank, is included in the

X(s)—{) H(s) > Y(s)

A

- 4
iy

Figure 2-2. Block diagram for a feedback oscillator with a frequency-selective network.



loop so as to stabilize the frequency. This is illustrated conceptually in Figure 2-2. The frequency-
selective network is also called a “resonator” which ensures that loop gain is sufficient for only a

small range of frequencies.

Figure 2-3 shows the topology of a typical LC cross-coupled oscillator. The resonator is

L2

Ri2

G

Figure 2-3. Schematic of a typical L.C cross-coupled oscillator.

formed by connecting the inductor L and capacitor C in parallel, and R is the series resistance of L.

To sustain steady oscillation, the positive resistance R has to be cancelled by a negative resistance

as shown in Figure 2-4 conceptually. In the LC cross-coupled oscillator, the negative resistance

Zactiwa Zras
Active | | Resonator
: 4
Negative ‘J Y L T
Resistance out %R TC EL
Generator

Figure 2-4. Concept of resistance cancellation for steady oscillation.



Figure 2-5. Calculation of the equivalent negative resistance of a cross-coupled pair.

cell is realized by a cross-coupled transistor pair. As illustrated in Figure 2-5, in differential mode,
the drain voltages of the two switching FETs are +4V/2 and -4V/2 respectively. The FET with a
positive drain voltage is turned off, and the other FET is turned on in which the current can be
expressed as g,,'(4V/2) flowing into the drain. Thus, the equivalent resistance looking into the

drains of the cross-coupled pair can be written as

Racrive = AV = AV = _i (2_5)
Al —g (AV/2) g

m

which has a negative value. This negative resistance cancels the positive resistance of the

resonator and sustains oscillation.

2.1.3. Performance Parameters of LC VCOs

A voltage-controlled oscillator (VCO) is a type of LC oscillator of which the oscillation
frequency can be tuned by a control voltage. The frequency tuning device is usually a variable
capacitor, called a varactor. The capacitance of a varactor is varied by changing the voltage
across it. Figure 2-6(a) shows a cross-coupled LC VCO with a pair of accumulation-mode MOS

(A-MOS) varactors. V. is the control voltage applied at the Bulk (B) terminal as shown in Figure



2-6(b) [4]. The A-MOS varactor is accomplished with the removal of the D-S diffusions (p-
doped) from the PMOS device. At the same time, we can implement the bulk contacts (n*) in the
place left by D-S, as shown in Figure 2-6(b), which minimizes the parasitic n-well resistance of

the device. The tuning characteristic of the A-MOS varactor is shown in Figure 2-6(c).

(a) (b)
|.4 1 i 1 1
1.3 F
1.2 F
o1
e LT
=
S 09
0.8 F
0.7 F
[] 6 1 1 1 1
2 I 0 1 2
Vbg (V)
(c)

Figure 2-6. (a) Schematic of a cross-coupled VCO with varactors. (b) Implementation of A-MOS
varactor. (¢) Tuning characteristic of the A-MOS varactor.

The important and relevant parameters for a VCO [5] are now discussed.



Frequency Range The output frequency of a VCO can vary over a wide range by
controlling the frequency tuning components. The frequency range is determined by the

architecture of the oscillator. A standard VCO has a frequency range typically less than 30%.

Tuning Linearity For stable synthesizers, a linear deviation of frequency versus
tuning voltage is desirable. It is also important to make sure that there are no breaks in tuning

range, for example, that the oscillator does not stop operating with a tuning voltage of OV.

Tuning Sensitivity —— This term, typically expressed in megahertz per volt (MHz/V),
characterizes how much the frequency of a VCO changes per unit of tuning voltage change.

Phase Noise

Oscillators do not generate perfect signals. The various noise sources
in and outside of the transistor modulate the VCO, resulting in energy or spectral distribution on
both sides of the carrier. This occurs via modulation and frequency conversion. The noise, or
better, AM and FM noise is expressed as the ratio of output power divided by the noise power
relative to 1Hz bandwidth measured at an offset of the carrier. The diagram in Figure 2-7 shows

the definition of phase noise at an offset frequency, L(f,,). Suppose the resolution bandwidth is

Fulfot /)

£ ftfe  frequency
Figure 2-7. Phase noise definition.

BW, L(f,,) can be expressed as

P, (fo+ 1)/ P.(fy)

L(f,) =10 *log (=2

} (2-6)
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At different offset frequency ranges, the phase noise has different change characteristic. Generally

the offset frequencies can be split into three regions, /£, 1/f* and white noise floor regions.

Output Power The output power is measured at the designated output port of the

frequency synthesizer. Practical designs require one or more isolation stages between the

oscillator and the output. A typical output power level for a VCO is -15 to +10 dBm.

Frequency Pulling This is the change in oscillation frequency with change in supply
voltage. It is caused by the change in the transistor's S-parameter and Gain with change in DC

bias voltage. The supply voltage can drift with time, temperature, and load variations. Frequency

pulling can be reduced by oscillator design with higher loaded quality factor (Q) of resonator.

Frequency Pushing It is the total output frequency deviation due to load perturbation.
It can be minimized by using an output isolator, buffer amplifier, or high oscillator external Q.

Power Consumption This characteristic conveys the DC power, usually specified in

milliwatts and sometimes qualified by operating voltage, required by the oscillator to function

properly.

2.2.  General Theory of Quadrature VCOs

2.2.1. Principle of Oscillation for LC Quadrature Oscillators

Meld

11



Figure 2-8. Schematic of a typical LC quadrature oscillator.

Figure 2-8 shows a typical LC quadrature oscillator. Its behavior can be modeled by a
linear feedback network, as shown in Figure 2-9 [6]. It is composed of two band-pass filters
representing the two oscillator cores of the quadrature oscillator. The gain stage of the differential
oscillator core is represented by a negative impedance -1/G,,, the LC-tank is represented by a

parallel RLC model (L,, C,, R,), and the coupling stage is represented by a transconductance G..

X jw) I\ - Y{jar)
Crm { for) Crm{(jon)
B I/

L )

R, : JoL, & jax 'T" ‘ i, (j

] (&N T)] - SO, 5 Gy ([ o)
<+

1
Jol Gl

-

|||—

Figure 2-9. Linear feedback network model for LC quadrature oscillator.

The transfer function of the band-pass filter is given by

Gm, (jo)- joL,

H1,2 (jo)= 1 . (2-7)
I+ j@L, [~ Gmy(j@)]- @’L,C,
P
At steady state, the outputs of the two band-pass filters satisfy the following equations:
X(jo)=-H,(jo)-Y(jo
(jo) (Jo)- Y (jo) (2-8)

Y(jo)=H,(jo) X(jo).

Since H(jw) and H,(jow) and are identical and X and Y are nonzero when the quadrature

oscillator is in stable oscillation, the above equations will result in X (jw)=2%;Y(jw). This

indicates that X and Y are in a quadrature (90° phase shift) phase relationship.

12



2.2.2. Performance Parameters of LC Quadrature VCOs

By replacing the capacitors in Figure 2-8 with varactors, a LC quadrature VCO (QVCO) is
formed. The performance parameters of a LC QVCO include all the parameters of a LC VCO, as

listed in Section 2.1.3, and another important one, which is phase error.

Phase Error

Any circuit mismatch could cause the phase difference between the
quadrature outputs to shift from 90°. This shift is called phase error and is a measure of signal

phase accuracy.

CHAPTER 3 PHASE NOISE MECHANISM OF LC OSCILLATORS
3.1. Thermal Noise Induced Phase Noise

3.1.1. Resonator Noise

We represent the white thermal noise of the tank conductance as a current source across

the tank with a mean-square spectral density of [7]

, =—. (3-1)

where k i1s the Boltzmann’s constant, 7 is the temperature in Kelvins, and R, is the parallel
resistance of the resonator. This current noise becomes voltage noise when multiplied by the
effective impedance facing the current source. In computing this impedance, however, it is
important to recognize that the energy restoration element must contribute an average effective
negative resistance that precisely cancels the positive resistance of the tank. Hence, the net result
is that the effective impedance seen by the noise current source is simply that of a perfectly

lossless LC network. For relatively small offset frequency from the center frequency, the
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impedance of an LC tank may be approximated by

Z(@y+Aw)=—j -2 (3-2)
Aw
22—
a)O
The unloaded tank quality factor (Q) is defined as
0= %, (3-3)
ol
Solving (3-3) for L and substituting into (3-2) yields
R,
1Z(@,+ Aw)l= 2L (b Y (3-4)

20 Aw

Thus, we have traded an explicit dependence on inductance for a dependence on Q and R,. Next,
multiply the spectral density of the mean-square noise current by the squared magnitude of the

tank impedance to obtain the spectral density of the mean-square noise voltage

Vo = 4KTR (—— )—k (f

Af Af Q "20Af

) (3-5)

The power spectral density of the output noise is frequency dependent because of the filtering
action of the tank, falling as the inverse-square of the offset frequency. This is called 1/f
behavior. Note also that an increase in tank Q reduces the noise density, when all other parameters
are held constant.

It is traditional to normalize the mean-square noise voltage density to the mean-square

carrier voltage and report the ratio in decibels. This normalization yields the following equation
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for the normalized single-sideband noise spectral density

2
=2 o

P, 2087 -0

where Pg;, is the signal power.

3.1.2. Tuail Current Noise

The switching action of the differential pair commutates noise in the tail currents like a
single-balanced mixer. The noise is translated up and down in frequency, and enters the resonator.
Here we only look into the down-conversion of the thermal noise at 2aw,. The up-conversion of
flicker noise will be investigated in a later section. The single-balanced mixer shows the largest
conversion gain around the fundamental switching frequency, 1/3™ the current conversion gain
around the 3™ harmonic, and so on. Therefore, only mixing by the fundamental is important. The

phase noise caused by thermal noise of the tail current originally at 2w, is [8]

kTR
L) = 578 G2 (3-7)

P, 204

where yis the noise factor of a single FET, typically 2/3 for the long-channel mode while it is

between 2 to 3 for the short channel region [9]. g, 1s the transconductance of the tail transistor
and Py, 1s the output signal power.

3.1.3. Differential Pair Noise

Noise originating in the differential pair is unlike the previous two cases. There, only
certain parts of the noise spectrum contributed significantly to the total phase noise. White noise

in the resonator is filtered at harmonics of the resonant frequency. White noise in the tail current
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only experiences a significant conversion gain around the second harmonic of the oscillation
frequency. However, an impulse train samples white noise in the differential pair and will cause it
to accumulate without bound at any specified offset frequency w,,.

In reality, any practical differential pair requires a non-zero input voltage excursion to
switch, and this is provided by the oscillation waveform across the resonator. Therefore, noise in
the differential pair is actually not sampled by impulses, but by time windows of finite width. The
window height is proportional to transconductance, and width is set by tail current and the slope
of the oscillation waveform at zero crossing. The input-referred noise spectral density of the
differential pair is inversely proportional to transconductance. Thus, the narrower the sampling
window, that is, the larger the sampling bandwidth, the lower the noise spectral density. Analysis
shows that the noise bandwidth product is constant, and produces pure phase noise. After taking
into account the accumulation of frequency translations throughout the sampling bandwidth, the

following compact yet exact expression is reached [8]

81 ‘z7k7Rp fo ’
L(Af) =—X . -
&) zv, P, (2QAfj G9

sig

where V) is the voltage amplitude of the oscillation signal. The relationship between Vj and Py, s

(vo1¥2)
By, = R (3-9)

p

3.2. Flicker Noise Induced Phase Noise

Flicker noise in the tail current source at frequency w,, is upconverted to @, = @, and

enters the resonator as AM noise by the single-ended balanced mixer mechanism of the
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switching pair. Assume the resonator oscillation frequency is wy, the DC bias current of the tail
is 1), the equivalent parallel resistance of the resonator is R, and the flicker noise of the tail is

modeled as a voltage source in series with the gate, v, . The resonator differential output voltage

can be expressed as

V., =sgn[cos(ay)] (R,,I;, +R, 8, itV i )
(3-10)
:|:%+zcos(a)0t)+ ...... j|(R[,Ib +Rpgm milvfn)'
p :

2 .
The term —cos(a)ot)(Rpr+Rpgm tailvfn) represents the AM noise at the resonator output
= ,

generated from the flicker noise of the tail. Now let us look at the AM to FM conversion through

varactors. The AM-to-FM factor can be defined as [10]

dw, 0 1 1 @, oC
K :—0:— _— = -0 o . 3_11
AMEM T, av( /Lceﬁ J 2 Ceﬁ A% ( )

where Cyis the effective capacitance of the varactor and V is the voltage across the varactor.
Improving the symmetry of the VCO can reduce the value of Ky [10]. We can use standard
formulas to predict the spectral density of these FM sidebands at an offset from the oscillation

frequency,

2 1 2 ~ KAMFM ’ 2 -
L(Af)=J, {—MAf K yiend Vi (Af)}_(—mmf j V. (Af). (3-12)

since v, at the frequency of Af can be expressed as

17



v, (Af )=—WL§ I (3-13)

where K is dependent on device characteristics and can vary widely for different devices in the
same process. The variables W, L, C, and C,, represent the transistor’s width, length, and gate

capacitance per unit area, respectively. Plugging (3-13) into (3-12)

K svieu 2 K _

Therefore, the power spectral density of the output noise due to the flicker noise of the tail falls

with the inverse-cubic of the offset frequency. This is called 1/f behavior.

3.3. Phase Noise Model of L.C Oscillators

Based on the analysis above, a unified model for the phase noise of LC oscillators in log

scale can be defined as below [7]

2 Af .
L(Af ) 10q =10'log{2££-{1+(2£2fj HH |i}f‘| ]} (3-15)

where Afjz is the 1/f corner frequency and F is a noise factor for the region where phase noise

falls at -20dBc¢/Hz which can be defined as

47Rp Imil + 4

F=1+ — R
7Z'V0 9 gm,mtl 14

(3-16)

Note (3-14) is a modified Lesson’s model [11]. It consists of a factor to account for the noise in

the 1/f* region, an additive factor of unity (inside the braces) to account for the noise floor, and a
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multiplicative factor (the term in the second set of parentheses) to provide a 1/f behavior at
sufficiently small offset frequencies. With these modifications, the phase-noise spectrum appears

as in Figure 3-1.

LA Ao
{aw),

Y

] Mg

Figure 3-1. Phase noise plot over different frequency regions.

CHAPTER 4 DESIGN OF A LOW-PHASE-NOISE VCO WITH CAPACITOR
TAPPING

4.1. Introduction

Resonator voltage amplitude has an important effect on the phase noise, as emphasized by

the presence in the denominator of the phase noise expression derived in Chapter 3. Seen from (3-
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15), the phase noise can be lowered by increasing Py;,, which is proportional to the square of the

oscillation voltage amplitude.

The resonator quality factor is affected by the impedance of the current source.
Considering the differential LC VCO where the current source is replaced by low impedance to
ground; in the extreme case a short circuit as shown in Figure 4-1(a) [12]. This circuit still
produces steady-state oscillation. The oscillator topology forces Vip of the two FETs to be equal
in magnitude but with opposite signs to the differential voltage across the resonator. At zero
differential voltage, both switching FETs are in saturation, and the cross-coupled
transconductance offers a small-signal negative differential conductance that induces startup of
the oscillation. As the rising differential oscillation voltage crosses V,, the Vsp of one FET
exceeds +Vt, forcing it into the triode region, and the other FET is turned off. The rpg of the FET
in triode is the load impedance to the tank, and its small value degrades the loaded quality factor
of the tank. (4-1) formulizes the relationship between loaded Q, Q; and unloaded Q, Qy for LC
tank as a function of the loading resistance R;, tank inductance L and oscillation frequency wo.

R
QL_ QU L

=——UL 4-1)
QUa)()L+RL
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Figure 4-1. Role of the current source. (a) No current source. (b) Ideal noiseless current source.

Now, suppose an ideal noiseless current source is present in the tail of the differential pair,
as shown in Figure 4-1(b). Close to zero differential voltage, the two FETs conduct and present a
negative conductance across the resonator. Suppose that in the balanced condition when each FET
carries 1/2, the W/L is chosen such that (Vs-V;) <V,. When the differential voltage drives one FET
into triode, it turns off the other FET. As no signal current can flow through the gpg of the triode
FET, this FET does not load the resonator, thus preserving quality factor of the unloaded
resonator. The differential pair injects noise into the resonator only over the short window of time

when both FETSs conduct.

Based on the description above, high source-to-drain impedance is required for the current
source in order to prevent the loss of resonator quality factor. For that purpose, the current source
needs to be maintained in the saturation region, which is a big challenge for low voltage design.

As illustrated in the first paragraph, large oscillation amplitude is desired for low phase noise, but
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can push the current source into triode region, which is especially the case for low voltage design.
If the VCO uses a PMOS current source and NMOS cross-coupled switching pair, which is
usually the optimal VCO structure due to the low flicker noise of PMOS and large
transconductance of NMOS, a large oscillation signal can also push the switching transistor into
triode and generate a low impedance path to ground that adds more loss to the resonator quality

factor. Figure 4-2 illustrates the situation.

VBO_”: Triode
Wi

NNj—E=mml NN

Smal
Load 2

Off : q E‘iode

L

Figure 4-2. Low load impedance caused by the large oscillation amplitude.

4.2. Proposed Architecture and Design Implementation
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Figure 4-3. Proposed LC VCO with capacitor tapping technique.
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Figure 4-3 shows the proposed LC VCO with capacitor tapping technique. PMOS is
adopted for the current source because PMOS has lower flicker noise than NMOS [13] and as we
know from Section 3.2, the flicker noise of current source can be upconverted to phase noise.
The length of the PMOS is 1um, which is large for the purpose to reduce flicker noise. NMOS is
adopted for the cross-coupled pair because NMOS has higher transconductance than PMOS. As
shown in Section 3.1.3, large transconductance of the cross-coupled pair leads to large oscillation
amplitude and smaller sampling window which mean lower phase noise. Since the flicker noise
of cross-coupled pair does not affect phase noise as illustrated in Section 3.2., the larger flicker
noise in the pair caused by NMOS is not a problem to phase noise.

Seen from Figure 4-3, tap capacitors C; and C are inserted between the resonator and the
cross-coupled pair. They are equivalent to a voltage divider and scale down the voltage at the
drains of the cross-coupled pair, V4. Thus, Vi can be expressed as

V G

T < R 4-2
drain tank Cl + C2 ( )

where V..« 1s the tank output voltage. In this way, even though V. has a large value, V4, can
be small due to the capacitive voltage division. Therefore, the current source and turned-on
cross-coupled transistor can be maintained in saturation leading to large loaded Q while the
amplitude of the oscillation signal at the tank is still large leading to a large signal-to-noise ratio
(SNR) as shown in Figure 4-4. Both of the effects contribute to low phase noise and the tradeoff

between oscillation amplitude and loaded Q illustrated in Section 4.1 is solved.

The idea of capacitor tapping was used in differential Clapp VCO [14] for a purpose to
avoid transistor breakdown, but is for the first time to be used in a cross-coupled LC QVCO for

loaded Q enhancement.
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Figure 4-4. Impact of capacitor tapping on load impedance (load Z).
Figure 4-5 shows the layout and the chip photo of the proposed VCO implemented in

Jazz 0.18um RF CMOS process. The resonator consists of a center-tapped differential square

(a) (b)
Figure 4-5. (a) Layout of the proposed VCO. (b) Chip photo of the proposed VCO.

spiral inductor and a pair of accumulation-mode MOS varactors. The resonator inductor has an

inductance of 1.28nH and a Q of 12 at 5.8GHz. The bias inductor at the drain of current source is
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sized to 0.52nH with a Q of 16 at 5.8GHz. Surrounding the inductors, there are guard rings
connected to ground for substrate noise suppression. Precision of the tapping ratio is important
so MIM capacitors are used for the tapping capacitors. C; is 1.08pF and C; is 1.08pF. The divide
ratio should be about 2 according to (4-2). The two output buffers employ a common source
amplifier structure and the output PMOS devices need to be small to minimize its negative
impact on frequency tuning capability. In addition to that, all the RF signal paths are routed with
the top metal, where possible, in order to mitigate the impact of substrate noise on the VCO
performance. The final size of the VCO die is 636um by 980pum.

4.3. Simulation and Measurement Results
4.3.1. Simulation Results

Simulation was run in Cadence SpectreRF. Drawing SmA from a 1.2V supply, the VCO
oscillates at 5.6 to 5.8GHz when the control voltage tunes from 0 to 1.8V. Figure 4-6 shows its
phase noise plot at 100Hz to 1MHz offsets from the carrier frequency of 5.6GHz. The phase

noise is -101.8dBc/Hz at 100kHz offset and -122.3dBc/Hz at IMHz offset. According to the

Feriodic Moize Response
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Figure 4-6. Simulated phase noise of the proposed VCO.
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Figure 4-7. Simulated voltage and current responses of the proposed VCO (a) with capacitor
tapping (b) without capacitor tapping.

equation for figure-of-merit (FOM) of VCOs as below

FOM =—L(Af)+20 1og(£—}) ~10log(P) (4-3)

the simulated FOM of the proposed VCO is -189.5dBc/Hz at 1MHz offset.

To see the effect of capacitor tapping on the circuit operation, voltage and current
responses of the proposed VCO with and without capacitor tapping are compared in Figure 4-7.
When capacitor tapping is employed, as shown in Figure 4-7 (a), though the peak-to-peak tank
output voltage Vi, is almost 1V, the peak-to-peak value of the drain voltage of the cross-
coupled pair Vg4, is only 600mV, close to the threshold voltage of the NMOS transistor, which
means the NMOS cross-coupled transistors are in saturation during most of the time when they

are turned on. The positive peak of Vi, is 800mV which is also far away from pushing the
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PMOS into the triode region. The drain current of the cross-coupled transistors shows the normal
differential operation. However, without using the capacitor tapping, the 1V peak-to-peak V4in
would push both the current source and cross-coupled transistors in to triode. As shown in Figure
4-7 (b), the drain current shows the second-harmonic effect which implies that the bias current is

not constant.

4.3.2. Measurement Results

The VCO chip is wire-bonded to a PCB board for characterization. This is a four-layer FR-
4 (Flame Retardant 4) board with copper covering. The RF paths on the board are exactly
symmetric. Three 0603 chip capacitors, which have a good spread of value as 10pF, 10nF, 0.1uF,
are put in parallel at the power lines and gate bias lines of the current source to filter out high-
frequency noise. Figure 4-8 (a) shows the photo of the board and Figure 4-8 (b) shows the
measurement setup. A Agilent E5S250A Signal Source Analyzer is used as both a spectrum
analyzer and a phase noise analyzer capable of measuring up to 7GHz. It has a DC control
voltage output and a DC power voltage output and can lock a free-running VCO by internal PLL.
Precision DC voltage supplies provide low-noise DC biases to the chip. All the RF connections
including the SMA connectors, RF cables and the load impedance of the signal source analyzer
have a 500hm characteristic to guarantee no signal reflection. Short and low-loss RF cables and

DC wires are used as additional insurance for signal integrity.
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(@) (b)
Figure 4-8. (a) PCB board with the proposed VCO chip. (b) Measurement setup.

The VCO is tested at a 1.8V supply and draws a current of 7mA. Figure 4-9 shows it
oscillates at 4.57GHz with an output power of -10.3dBm when the control voltage is 1.8V. The
spectrum span in the figure is 3MHz. The phase noise plot at 1kHz to 40MHz offset from the
carrier frequency of 4.57GHz is shown in Figure 4-10. The VCO achieves phase noise of
-120dBc/Hz at 1MHz offset, -94dBc/Hz at 100kHz offset and -63dBc/Hz at 10kHz offset
respectively. Thus, the measured FOM of the proposed VCO is -182.3dBc/Hz at IMHz offset.
Table 4-1 summarizes the simulated and measured results. The measured oscillation frequency is
lower than simulation which could be caused by the inaccurate prediction of inductance value
and parasitic capacitance value. However, overall, the measured FOM is close to the simulated
result. Table 4-2 compares the performance of this work with the published results. The FOM of

the proposed design is one of the best among the SGHz VCO designs.
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Figure 4-9. Spectrum of the VCO output under measurement.
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Figure 4-10. Phase noise plot of the VCO under measurement.

29



Table 4-1. Performance summary of the proposed VCO with capacitor tapping.

Simulation Results Measurement Results
Supply voltage (V) 1.2 1.8
Current consumption (mA) 5 7
Oscillation frequency (GHz) 5.62-5.80 4.37-4.57
Phase noise @ 1MHz offset -122.3 -120.1
(dBc/Hz) (5.62GHz) (4.57GHz)
Output power (dBm) -7.5 -10.3
FOM (dBc/Hz) -189.5 -182.3

Table 4-2. Performance comparison between the proposed VCO and the published VCO designs.

Ref. Tech. F VDD P L@ 1MHz FOM
(GHz) (V) (mW) (dBc/Hz) (dBc¢/Hz)
[14] 0.18um | 4.95 1.8 9 -123.1@5.9G -189
CMOS 5.97 (simulated)
[15] 0.18um | 4.40 0.8 1.2 -109.65@5.52G -184
CMOS 5.90 (simulated)
[16] 0.18um | 4.92 1 6 -125@5G -192
CMOS 5.12 (measured)
[17] 0.25um | 4.32 2.5 7.3 -114.6 @4.95G -180
CMOS 5.30 (measured)
This Work | 0.18um | 4.37 1.8 12.6 | -120.1 @4.57G -182.3
CMOS 4.57 (measured)

CHAPTER 5 DESIGN OF A LOW-PHASE-NOISE QVCO WITH BOTTOM-SERIES
COUPLING AND CAPACITOR TAPPING

S5.1. Introduction

The conventional LC QVCOs topology is called parallel-coupled QVCO (P-QVCO) [18],
because the coupling transistors are placed in parallel with the switching pairs. As shown in
Figure 5-1 (a), M, and M, represent switching and coupling transistor respectively. However, the
parallel coupling FETs cause the current injected into the tank to have a phase shift relative to
the resonator voltage which degrades the quality factor of the tank and the phase noise of the
QVCO. In this thesis, this current phase shift relative to the resonator voltage is called as

resonator phase shift (RPS). As mentioned in [19], the resonator Q can be defined as
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where @ is RPS. As shown in Figure 5-2, the maximum I0®0wl is reached when @ equals
0°which means a zero RPS maximizes Q. However, the P-QVCO has a non-zero RPS and the
parallel coupling FETs add additional noise sources and consume extra current. All this indicates
the parallel coupling method is not an optimum choice for low power low phase noise QVCO. A
modification of the original P-QVCO was reported, where phase shifters are added between
cascaded LC resonators, allowing each resonator to be optimally driven at a zero-degree RPS

[20]. However, phase shifters introduce some complication in the design and increase power
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Figure 5-1. Topology of (a) parallel coupling (b) top-series coupling and (c) bottom-series coupling.
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Figure 5-2. Phase characteristic of the resonator.

consumption. Therefore, a LC QVCO topology with an inherent zero RPS is needed.
Two series-coupled QVCO (S-QVCO) topologies as shown in Figure 5-1 (b)-(c) have
also appeared in literature and showed much better phase noise performance than the P-QVCO.

According to the position of coupling FETs, the S-QVCO which places the coupling transistors
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at the top of the switching cross-coupled pair is called top-series-coupled QVCO (TS-QVCO)
and the S-QVCO which places the coupling transistors at the bottom of the switching pair is
called bottom-series-coupled QVCO (BS-QVCO). Measurement results showed that BS-QVCO
has even better phase noise behavior than TS-QVCO [21], however, no theoretical explanation
was given. It was pointed out that BS-QVCO has a zero RPS which benefits phase noise [22],
however, the analysis was not in depth and did not show any hint for the RPS of TS-QVCO
which would a good base for the comparison between different QVCO topologies. In this chapter
of the thesis, a detailed analysis is provided indicating that BS-QVCO does have a zero RPS and
TS-QVCO has a 90° RPS so BS-QVCO has lower phase noise than TS-QVCO. A closed-form
expression of the optimal coupling ratio for the phase noise of BS-QVCO is also derived based
on RPS analysis. Therefore, the bottom-series coupling method is chosen and combined with the
capacitor tapping technique targeting to achieve a low-voltage low-phase-noise QVCO design.
5.2.  RPS analysis for BS-QVCO and TS-QVCO

In Figure 5-1, Vi, Vo, Vi, and Vy, are the quadrature output signals among which the
phase angles are increasing progressively in an order of 90°. For the series-coupling topologies
in Figure 5-1 (b)-(c), since that Vy is much smaller than the quadrature output voltages due to
source degeneration, it can be assumed that the top transistors work in saturation region while the
bottom ones work in triode region during most of the oscillation period. Therefore, a compact

circuit model fitting both S-QVCOs is developed as shown in Figure 5-3. M; and M represent
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Figure 5-3. Small-signal circuit model diagram for S-QVCOs.

the top transistor and the bottom-transistor in the S-QVCOs respectively. The g,,; and g, are the
small-signal transconductance of M; and M,. Cg; is the gate-source capacitance of M; in
saturation region. Cgg and ry are the gate-drain capacitance and on-resistance of M in triode
region. The small-signal voltages v4;, v¢; and vy, represent the small-signal voltages, vy, vo, and
vin for TS-QVCO and vy, vi, and vg, for BS-QVCO. Therefore, v,, equals to jv,; for both the S-
QVCOs. The small-signal i is the current injected into the tank. According to the definition of
RPS, RPS for S-QVCOs is the phase angle between i and v;;. The small-signal Kirchhoff's

Current Law equation at node x can be written as
(vgl - v,\: )(gml + ja)cgsl) = gm2vg2 + vx/rdx2 + (v,\t - ng)ja)ngZ (5_2)

where o is the operation angular frequency. Considering vy> equals to jv,; as illustrated before,

an expression of v, can be derived as below

= (gml_a)cgd2)+j(a)chl_gm2)
! o (gml +1/rdx2) + j(a)cgsl + a)ngZ)

% (5-3)

If the phase angle of v,/v,;is defined as 6, there is
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tan @ =

{(a)C g )~ B (@ mcg‘“)} (5-4)
oo & T T
/|:(g _a)c )+(a)cg‘vl_ng)(a)Cg‘vl+a)ng2):|
ml d?2 .
! gml +1/rdx2

Assuming (gn;+1/ras2) 1s much larger than (wC,s+@Cys2) When @ is much smaller than the

transistors’ cutoff frequencies, (5-4) can be approximated to
ta1’10'-'\"'(0)Cw(g7s1 _ng)/(gml _a)cgdZ)' (5_5)

Since g,; is much larger than g,,, wCg; and wCgys, we can assume that (wCg.gn2) 1s much
smaller than (g,,;-wC,42) Which leads to a conclusion that tan is close to zero. This implies that
vy 1s almost in phase with v,;. Therefore, the current i, which is -g,1ves-vy), 1s 180° out of phase
with vg;. For BSQVCO, v, 1s vp, thus i is 180° out of phase with vy,. In other words, i is in phase
with v, and the RPS is zero. For TSQVCO, v,; 18 v, thus i is 180° out of phase with v, and 90°
out of phase with v;, which leads to a 90° RPS. The phasor diagrams are shown in Figure 5-4.
Since zero RPS optimizes the tank Q and phase noise of QVCO as illustrated before, BS-QVCO

has better phase noise performance than TS-QVCO.
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Figure 5-4. Phasor diagrams for BS-QVCO and TS-QVCO.

Though tand is close to zero according to (5-5), it equals to zero only when wC,,; equals

to gm2. The wC,; for M, in saturation region can be expressed as
a)chl = (4/3)7[‘](‘/‘/1L1Cox (5_6)

where C,, is the oxide capacitance, fis the operation frequency, W; and L; are the channel width
and length of M;. Assuming there is no channel length modulation, the DC bias current for M; in

triode region can be expressed as
1y =1,C, (W/L), | (Ve =V, )V =V, /2] (5-7)

where (W/L), is the width over length ratio of M, Vi represents the same DC gate voltage that

M, and M;have. Assuming Vs-V5,>>Vx, (5-7) leads to
gm2 :ﬂncox(W/L)ZVX = IB/(VG _VTn)' (5_8)

The same DC bias current can also be written as the current going through M; in saturation

region
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I, = :unCox(W/L)l (VG —Vy _VTn)2/2 (5-9)
= 1,C, (W1 L),[ (Vg =V, ) + V> =2(V, =V, )V, | /2.
From (5-7) it follows that
21
V. =2V.-V W, =—— B 5-10
X ( G Tn) X /,lnCUX(W/L)Z ( )
Putting (5-10) into the second part of (5-9)
213(1+(€ijll:)1 )
Vo=V, = ( ), ) (5-11)
uC (W/L),
Plugging (5-11) into (5-8), g,,» then can be expressed as
1 L
2 1+—
W/L),
According to (5-6) and (5-12), wCy; equals g2 is valid when
1
W/L), _ 29,un l; - 1 (5-13)
Ww/iL), 32z°C,f,"Li'w, s opr

where ogs opt 18 the optimal coupling ratio for the phase noise of BS-QVCO. Therefore, ogs opt 15
determined by the oscillation frequency, the bias current and the size of the switching FETSs in a
process. Simulation data in the next sections will prove the validity of (5-13) within the certain
range allowed by the assumptions.

5.3. Proposed Architecture and Design Implementation
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Since it is shown that BS-QVCO inherently has better phase noise behavior than TS-
QVCO in the previous section, we choose bottom-series coupling for this QVCO design. Figure
5-5 shows the proposed bottom-series coupled LC QVCO with capacitor tapping technique.
PMOS is adopted for the current sources and NMOS is adopted for the transconductance stages.
The operation mechanism of capacitor tapping is the same as the one illustrated in Section 4.2.
The QVCO outputs V, p, Vo, 0p, Vo and V,, g, are still maintained large while the voltages at the
drains of the cross-coupled pair, V,, Vg, Vi, and Vy, are small. The two output buffers employ

NMOS common source amplifier structure and are omitted in Figure 5-5.

I4]-VDI:I | VDD

Ii |
Lbias I-bias

VCOI‘ItI‘0| Vcontrol
IR AP0 G R AP

C,
ol I e R a1+
_L\g Vt.),lp I\-,ind Vém \g Vap .i, LG ‘ Van
v J—~— L
o2 S TR e
1

Figure 5-5. Proposed bottom-series coupled LC QVCO with capacitor tapping technique.

Figure 5-6 shows the layout and the chip photo of the proposed QVCO implemented in
TSMC 0.18um RF CMOS process. The resonator consists of a center-tapped differential

octagonal spiral inductor and a pair of accumulation-mode MOS varactors. The resonator
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Figure 5-6. (a) Layout of the proposed BS-QVCO. (b) Chip photo of the proposed BS-QVCO.

inductor has an inductance of 2.5nH and a Q of 14 at 6GHz. The bias inductor at the drain of
current source is sized to 2.1nH with a Q of 14 at 6GHz. Surrounding the inductors, there are
guard rings connected to ground for substrate noise suppression. Precision of the tapping ratio is
important so MIM capacitors are used as the tapping capacitors. C; is SOOfF and C; is 400fF. The
divide ratio is about 2 including the parasitic capacitance. The final size of the QVCO die is
1400pm by 1200pum.

The optimal coupling ratio for phase noise is determined by the (5-13) and the simulation
results. Figure 5-7 shows the agsop simulated by Periodical Steady State (PSS) and Periodical
AC (PAC) analyses. The W./W;value at which the phase noise is the lowest is ops op:. Seen from
the figure, the optimal phase noise is -120.3dBc/Hz at 1MHz offset which is achieved when
Wo/W; equals 0.9. The design parameters are summarized in Table 5-1. The value of W; is
relatively large to ensure that g,,; is large enough to meet the assumption that M; is in saturation.
Seen from the table, the calculated opsp 15 0.86 and has a percentage error of 4.4% from the

simulated ops opt, Which is not significant.
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Figure 5-7. RPS and phase noise plots for determining the optimal coupling ratio.

Table 5-1. Summary of the optimal coupling ratio for the proposed BS-QVCO with capacitor
tapping.

Specification Value
Iz (bias current of 1.2mA
single branch)
fo 6GHz
WA 250pum
L, 0.18um
Calculated ogs,opt 0.86
Simulated ags, opt 0.9
Percentage Error 4.4%

5.4. Simulation and Measurement Results
5.4.1. Simulation Results

Figure 5-8 shows the simulated phase noise performance of the proposed QVCO at the
carrier frequency of 6GHz under 1V power supply and S5SmA bias current. The phase noise at
100kHz and 1MHz offset are -99.8dBc/Hz and -120.3dBc/Hz respectively. The transient
responses of the quadrature outputs outside the buffers are shown in Figure 5-9. The single-ended
output amplitude is 140mV which translates into an output power of -7dBm with a 50Q load. The
transient responses of V,;,, Vj, and I are shown in Figure 5-10. Seen from the plots, V}, is about

half of V, ;, which matches the divide ratio of capacitor tapping. I is the current injected into the
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tank at node [, and is almost in phase with Vj, and V,, ;, which demonstrates the RPS of the

proposed QVCO is close to zero.
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Figure 5-8. Phase noise plot for the proposed QVCO.
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Figure 5-9. Transient responses of the quadrature outputs.
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Figure 5-10. Transient responses of V;,, V, ;, and 1.

40



5.4.2. Measurement Results

The VCO chip is wire-bonded to a PCB board for characterization. Figure 5-11 (a) shows
the photo of the board and Figure 5-11 (b) shows the measurement setup. The measurement

setup is the same as the one for the VCO test in Chapter 4.

(b)
Figure 5-11. (a) PCB board with the proposed BS-QVCO chip. (b) Measurement setup.

Figure 5-12 and Figure 5-13 show the measured QVCO performance at 1.8V supply
voltage. Figure 5-12 shows the output spectrum at a carrier frequency of 5.34GHz. As shown in
Figure 5-13, the QVCO achieves phase noise of -122.9dBc/Hz at 1MHz offset, -92.5dBc/Hz at
100kHz offset and -63.6dBc/Hz at 10kHz offset from the carrier frequency of 5.375GHz with an
output power of -7.14dBm. The DC core current consumption is 10mA. The measured FOM of
QVCO is -185dBc/Hz at IMHz offset at 1.8V supply.

Figure 5-14 and Figure 5-15 show the measured QVCO performance at 1V supply
voltage. Figure 5-14 shows the output spectrum at a carrier frequency of 5.325GHz. The output
power is smaller than that at 1.8V supply even if biased at the same core current of 10mA. As
shown in Figure 5-15, the QVCO achieves phase noise of -117.6dBc/Hz at 1IMHz offset,

-89.7dBc/Hz at 100kHz offset and -58.5dBc/Hz at 10kHz offset from the carrier frequency of
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5.327GHz with an output power of -9.98dBm. The poorer phase noise compared to 1.8V
condition is caused by the smaller output signal power. The measured FOM of QVCO is -

182dBc/Hz at IMHz offset at 1V supply.
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Figure 5-12. Output spectrum at the carrier frequency of 5.34GHz under 1.8V supply voltage under
test.
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Figure 5-13. Phase noise at the carrier frequency of 5.375GHz under 1.8V supply voltage under test.
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Figure 5-14. Output spectrum at the carrier frequency of 5.325GHz under 1V supply voltage under
test.
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Figure 5-15. Phase noise at the carrier frequency of 5.327GHz under 1V supply voltage under test.

The simulation results and the measured results are summarized in Table 5-2. The
measured FOM at 1.8V supply voltage is comparable to the simulated FOM, though the
measured FOM at 1V supply is poorer than expected. However, considering 1V is a very low
supply voltage for a 0.18um process, the measured performance at 1V supply is still attractive.
The lower oscillation frequency of the measurement than simulation could be caused by the drift
of inductance and parasitic capacitance. Generally, the QVCO is functioning as expected under
measurement. Future efforts need to address the improvement of low voltage operation.

Seen from Table 5-3, the FOM of the proposed QVCO design is one of the best among

the published QVCO designs.
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Table 5-2. Performance summary of the proposed BS-QVCO with capacitor tapping.

Simulation Results Measurement Results
Supply voltage (V) 1 1 1.8
Core current consumption 4.95 10 10
(mA)
Oscillation frequency (GHz) 5.95-6.13 5.21-5.33 5.27-5.40
Phase noise @ 1MHz offset -120.3 -117.6 -122.9
(dBc/Hz) (6.13GHz) (5.33GHz) (5.37GHz)
Output power (dBm) -8.9 -9.98 -7.14
FOM (dBc/Hz) -189 -182 -185

Table 5-3. Performance comparison between the proposed BS-QVCO and the published QVCO
designs.

Ref. No. Technolo | VDD | Current | Operating Phase noise FOM
gy (V) (mA) Frequency (dBc¢/Hz) (dBc/Hz)
(GHz)
[20] 0.25um 2 15 1.36-1.69 -133.5@600kHz -187
Parallel CMOS (measured)

coupling with
phase shifters

[21] 0.35um 2 25 1.64-1.97 -140@3MHz -179
Top-series CMOS (measured)
[22] Bottom- | 0.18um 1.8 5.8 5.5-6.71 -115@1MHz -182
series CMOS (5.5GHz) (measured)
[23] Bottom- | 0.35um 1.3 16 1.91-2.27 -140@3MHz -184
series CMOS (measured)
This Work 0.18um 1.8 10 5.27-5.40 -122.9@1MHz -185
BSQVCO CMOS (5.37GHz) (measured)
with tap C

CHAPTER 6 DESIGN OF A LOW-PHASE-NOISE QVCO WITH BODY COUPLING
AND CAPACITOR TAPPING

6.1. Introduction

For all the QVCO coupling methods that we have discussed, there is a pair of coupling
FETs required in addition to the cross-coupled switching pair. So there are eight transistors in the
QVCO not including the current sources and buffers. As a known fact, the more transistors there

are, the more noise that can be generated. Thus, a new coupling method which does not need
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additional coupling transistors was proposed, which is the body-coupling method [24]. No

additional coupling FETs are necessary in this method, but the bodies of the cross-coupled FETs

are used as the coupling gates. Obviously, the body-coupling method saves power and avoids the

noise contribution from additional coupling FETs. Though the drain current is partially tuned by

the body biasing, it is just a small portion compared to the portion controlled by the gate biasing

because g, is much smaller than g,,. Thus, the RPS caused by the body coupling is still small.

6.2. Proposed Architecture and Design Implementation
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Figure 6-1. Proposed body-coupled LC QVCO with capacitor tapping technique.

The proposed QVCO in this section is a topology of body-coupled LC QVCO with

capacitor tapping as shown in Figure 6-1. This QVCO still has a PMOS current sources and

NMOS transconductance FETs. The design was implemented in TSMC 0.18um CMOS process

which is a triple-well process, thus the P-type bodies of the NMOS switching FETs are

implemented in deep-NWELLs and isolated from the P-substrate. The parasitic capacitance of

the P-body to deep-NWELL diodes, as modeled in Figure 6-2, contributes to the tank

capacitance.
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Figure 6-2. Schematic of the P-body to deep NWELL diode and deep NWELL to P-
substrate diode.

Figure 6-3 shows the layout and the chip photo of the proposed QVCO implemented in
TSMC 0.18um RF CMOS process. The resonator consists of a center-tapped differential

octagonal spiral inductor and a pair of accumulation-mode MOS varactors. The resonator

(b)
Figure 6-3. (a) Layout of the proposed Body QVCO. (b) Chip photo of the proposed Body QVCO.

inductor has an inductance of 2.07nH and a Q of 14 at 6GHz. The bias inductor at the drain of
current source is sized to 1.94nH with a Q of 14 at 6GHz. Surrounding the inductors, there are
guard rings connected to ground for substrate noise suppression. Precision of the tapping ratio is
important so MIM capacitors are used as the tapping capacitors. C; is S60fF and C, is 400fF. The

divide ratio is about 1.7 including the parasitic capacitance. The final size of the QVCO die is
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1300pum by 1200pm.
6.3. Simulation and Measurement Results
6.3.1. Simulation Results

Figure 6-4 shows the simulated phase noise performance of the proposed QVCO at the
carrier frequency of 6GHz under 1V power supply and S5SmA bias current. The phase noise at
100kHz offset and 1MHz offset are -100.1dBc/Hz and -120.8dBc/Hz respectively. Thus, the

simulated FOM of this proposed QVCO is -189dBc/Hz at 1MHz offset.
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Figure 6-4. Simulated phase noise of the proposed BS-QVCO.

6.3.2. Measurement Results
The VCO chip is wire-bonded to a PCB board for characterization. Figure 6-5 (a) shows

the photo of the board and Figure 6-5 (b) shows the measurement setup. The measurement setup

is the same as the one for the VCO test in Chapter 4.
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Figure 6-5. (a) PCB board with the proposed body-coupled QVCO chip. (b) Measurement setup.

Figure 6-6 and Figure 6-7 show the measured QVCO performance at 1.8V supply show
the measured QVCO performance at 1.8V supply voltage. Figure 6-6 shows the output spectrum
at the carrier frequency of 5.61GHz. As shown in Figure 6-7, the QVCO achieves phase noise of
-118.2dBc/Hz at 1MHz offset, -77.6dBc/Hz at 100kHz offset and -64.2dBc/Hz at 10kHz offset
from the carrier frequency of 5.61GHz with an output power of -15dBm. The DC core bias
current is 10mA. The measured FOM of QVCO is -181dBc/Hz at 1IMHz offset.

Seen from Figure 6-6, the sideband signal at around 100kHz offset is large so that it
causes the spur at around 100kHz in the phase noise plot. This low frequency noise could be
generated from the test environment or from the design itself and be up-converted to the carrier
frequency. Further investigation will be made for this issue.

Another problem is the measured output power level has a relatively large drop from the

simulated value. At 1.8V supply, the largest measured output signal power is -14.9dBm while
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Figure 6-6. Output spectrum at the carrier frequency of 5.61GHz under 1.8V supply voltage under
test.
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Figure 6-7. Phase noise at the carrier frequency of 5.61GHz under 1.8V supply voltage under test.

consuming 10mA core current. However, simulation shows an output power of -5.6dBm at 1V
supply while consuming SmA core current. Two reasons may account for this problem. One
could be that the output buffer (NMOS common source buffer) does not provide enough gain.
The other could be that the loaded Q of the tank is much smaller than expected. It is possible that
the equivalent capacitance of C2 in Figure 6-1 is larger than the simulation value due to the
capacitance variation in the bulk of the NMOS switching transistors, and causes degradation of
the loaded tank Q.

The simulation results and the measured results are summarized in Table 6-1. The

comparison between this work and the published results is shown in Table 6-2. The measured
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FOM is 8dB worse than the simulated FOM, however, still comparable to the published SGHz
QVCO design. The lower oscillation frequency of the measurement compared to simulation
could be caused by the drift of inductance and parasitic capacitance. The possible causes for the
lower output power level are analyzed in the previous section. Overall, the QVCO is functional
under measurement.

Table 6-1. Performance summary of the proposed BS-QVCO with capacitor tapping.

Simulation Results Measurement Results
Supply voltage (V) 1 1.8
Core current consumption 4.95 10
(mA)
Oscillation frequency (GHz) 5.95-6.13 5.42-5.61
Phase noise @ 1MHz offset -120.8 -118.2
(dBc/Hz) (6.13GHz) (5.61GHz)
Output power (dBm) -8.9 -14.9
FOM (dBc/Hz) -189 -181

Table 6-2. Performance comparison between the proposed body-coupled QVCO and the published
QVCO designs.

Ref. No. Tech. VDD | Current | Operating Phase noise FOM
(V) (mA) Frequency (dBc¢/Hz) (dBc¢/Hz)
(GHz)
[20] 0.25um 2 15 1.36-1.69 -133.5 -187
Parallel CMOS @600kHz (measured)
coupling
[24] 0.18um 1.25 1.74 1.83-2.02 -124@1MHz -187
Backgate | triple-well (measured)
coupling CMOS
[22] 0.18um 1.8 5.8 5.5-6.71 -115@1MHz -182
Bottom- CMOS (5.5GHz) (measured)
series
Bulk- 0.18um 1.8 10 5.42-5.61 -118.2@1MHz -181
coupling triple- (5.61GHz) (measured)
with tap well
C (This CMOS
work)
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CHAPTER 7 CONCLUSIONS AND DISCUSSIONS

This thesis is a study for novels designs of low-phase-noise VCOs and QVCOs at 5-
6GHz frequency range for wireless communications applications. A capacitor tapping technique
is proposed and proved to have the capability of enhancing the loaded quality factor of resonator
while maintaining large oscillator output amplitude, both of which lead to low phase noise of LC
oscillators. Integrating the capacitor tapping technique to several optimized LC VCO and LC
QVCO topologies, three unique VCO and QVCO designs with good phase noise performance
have been generated. Though the bottom-series coupling and bulk-coupling methods for QVCOs
are not novel ideas from this work, they were recently reported and different from the traditional
methods. This work proves their functionality and good integration with the capacitor tapping
technique to achieve the best QVCO performance. For the bottom-series coupling method, novel
theoretical analysis is developed to explain its good phase noise behavior and closed-form
optimization equation for the coupling ratio is provided as a design guide for BS-QVCO, both of
which also contribute to the novelty of this thesis work.

Besides the topology innovation, design optimization is addressed in this thesis work.
Based on the phase noise mechanism of LC oscillators, the devices in the circuits are carefully
selected and designed for phase noise reduction. For example, long-channel PMOS FETs are
used for current sources to reduce the flicker noise. Short-channel NMOS FETs are used for
switching pairs and coupling pairs to provide large transconductance. High-Q inductors are
adopted, as differential inductors with a thick top metal and octagonal shape, and accumulation-
mode varactors are chosen because they have been proved to have low power consumption and
low phase noise at large offset frequencies from the carrier, like 1MHz. The device sizes are

optimized by simulation.
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The measurement results show good performance for all the three designs. In a summary,
a LC VCO and two LC QVCOs with novel topologies have been designed and shown good

FOMs. Those designs provide new insights for the low-phase-noise oscillator design.
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