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An Ultra-Wide Tuning-Range VCO in 0.18 pm CMOS

Student : Kuo-Cheng Su Advisor - Dr. Jenn-Hwan Tarng

Department of Communication Engineering
National Chiao Tung University

Abstract

In order to increase the frequency tuning range of a voltage-controlled oscillator
(VCO), single-ended active inductors are usually replaced by differential active
inductors, which need less number of transistors to yield smaller parasitic capacitance.
However, the differential active inductors lower the overall current and may lead VCO’s
negative resistance to be out of function, which still limits the frequency tuning range. In
this thesis, a feedback resistor is added to limit the minimum conductance of the active
inductor to achieve an ultra-wide tuning range VCO of 5 GHz. The proposed circuit is
implemented by the TSMC 0.18um 1P6M process technology, and the measurement
result of the proposed VCO can be tuned from 0.5 GHz to 5.6 GHz. Its frequency tuning

range is 165%. The phase noise ranges from -94 to -99 dBc/Hz at a 1-MHz offset. The

die area of the VCO is 175 x 170 n*
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Background and Problems

In recent years, the development of several kinds of new communication techniques is
expected to provide high data rate, wide range and high speed communications in wireless
area networks [1]. As the advancement of wireless communication systems, transmission
distance and data rate are growing rapidly. The design of high performance radio frequency
(RF) transceivers is an aspiration target.

At present, RF transceivers have been widely implemented by SiGe, GaAs or HBT
processes due to the high performance at high frequency. However, the system cost will
remain high because those processes are not compatible with the silicon process. Thus, the
CMOS technology is an attractive process to meet the low cost requirement in RF
transceivers.

Among function blocks of a RF transceiver as shown in Fig 1.1, the voltage controlled

oscillator (VCO) is used to provide clean, stable, and precise carrier signals for frequency
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translation in wireless transceivers. Because the purity (phase noise) of local signal which is
generated by the VCO will dominate the performance of the system, the design of high
performance VCO is an urgent and momentous subject. In the design of VCOs, there are
several common goals, such as low phase noise, low power consumption, low cost,
satisfactory output power, and wide tuning range. In the past, the tuning range was not taken
seriously. However, the fast-growing market in wireless communications has lead to multiple
wireless standards. Therefore, the wide tuning range VCO is essential. A device can be used
for multiple wireless standards will reduce the cost of manufacturing. However, according to
the well-known Leeson’s model of phase noise [2], the phase noise and tuning range usually
formed a key tradeoff in the circuit design of VCOs. Hence, designing a VCO that satisfies

the requirements described above is a challenging issue.

Antenna

Y

Mixer

Baseband

Duplexer LNA

PA Mixer

Figure 1.1 Block diagram of a typical RF front-end transceiver
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1.2 Related Works and Motivation

In recent years, rapid growth of wireless communication markets has led to multiple
wireless standards. These wireless standards may coexist on the same frequency; therefore,
the hardware reused for multiple standards becomes an important issue. In order to solve this
problem, the wide tuning range VCO is essential. In the past research, LC-tank VCOs with
spiral inductors and varactors are the most used for circuit implementation at radio
frequencies. This structure of the tuning frequency depends entirely on the varactor’s tunable
range; therefore, subject to the influence of traditional CMOS process, the tuning range is
limited to less than 30% [3]- [5] making it unattractive for wideband applications. Many ways
have been proposed to improve the tuning range of the LC-tank VCO by switched capacitors
[6], [7]. To operate at multiple frequencies, a number of switched -capacitor converters for
VCO are used. Though the tuning range can be improved, the overall circuit area has
increased considerably.

To overcome the increase in chip size, the structure of active inductors has been
introduced [8]. An active inductor can be realized by using two gyrators and a capacitor. By
rotating the phase to 180- degree, the capacitor shows inductance. Using this active inductor
to replace the spiral inductor of LC- tank VCO can effectively reduce the chip area. However,
this is a one-port inductor topology, so to completely replace the spiral inductor, the active
inductor must use more than four transistors, and using more transistors will lead to the
increased of the noise on the circuit significantly. In conclusion, obtaining a wide tuning range
at the small chip size and maintain appropriate phase noise becomes a bottleneck to design.

In this thesis, using differential active inductors and adding a feedback resistor to the
tunable conductance can achieve the effect of broadband and smaller chip area. In addition,

the capacitor at the output can improve the phase noise.
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1.3 Thesis Organization

There are five chapters in this thesis. Chapter 2 describes the basic concepts of VCO
design. In chapter 3, some advanced active inductor topologies are reviewed. In chapter 4, we

design the ultra wide tuning range VCO with simulated and measured results. In chapter 5,

the conclusion is drawn.
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Chapter 2 Design Basics of CMOS VCO

2.1 Fundamental Characteristics of VCO

In the modern wireless communication system, the VCO is an important block in the
building block of a radio frequency. It is used as a local oscillator to up-conversion or
down-conversion signals. In general, the VCO is a spontaneous circuit. However, how is an
output of precise periodic waveform without the input signal in the circuit generated?

Xs Xi Xo

—

Xt

H(s) [*—

Figure 2.1 Feedback model of a VCO.
Fig. 2.1 shows the block diagram of the feedback model. The transfer function of the

output/input is given as

Xo(s) _ A(s) 2-1)
Xs(s) 1-A(s)H(s)
When open loop gain is
Ao(s)=A(s)H(s) (2-2)
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with
|do(@,)| =1 & ZAo(jay)=0 (2-3)
The feedback system will start oscillating, and maintain the certain amplitude of output signal.
This is called Barkhauen criterion, where @,is the radian frequency of oscillation. The

Barkhauen criterion of the feedback circuit is a necessary condition but not sufficient. In order
to ensure oscillation in the presence of temperature and process variations, we typically

choose the loop gain to be at least twice or three times the required value.

2.2 LC Tank VCO

Fig. 2.2 shows the series resonant circuit and the parallel resonant circuit with input

impedance Zj, given by

, 1
Z,=R+ joL+ ]a)—C (series resonant circuit) (2-4a)
and
1
zZ,= %e " y e (parallel resonant circuit) (2-4b)
joL

Rp
R= L, = C, L,
Cp
I
]|

(a) (b)

Figure 2.2 (a) Parallel resonator (b) series resonator.




Chapter 2 Design Basics of CMOS VCO

In the parallel resonator, the LC tank will start oscillating with

1
ol =— 2-5
oC (2-5)
The input impedance and oscillating frequency are
Z, = Rp (2-6)
0=, =— (2-7)
" JLc '

From the analysis of the LC-tank, the Q (quality) factor is given as

average enegy store

average energy loss per cycle

2.3 Negative-Resistor for LC tank VCO

In fact, the LC-tank VCO can not maintain a stable output waveform, because the
equivalent resistance R, will result in the degradation of the waveform (Fig. 2.3a). Therefore,

we need the active circuit to compensate the energy loss (Fig. 2.3b).

LB

(@)

| — =\
Iin .
t LC-tank Active

Circuit Circuit

(b)

Figure 2.3 (a) Decaying impulse response of a tank, (b) addition of active circuit to cancel loss in the LC-Tank

7
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This active circuit is called the "negative resistance." The negative resistance provides an
equivalent resistance —R,, It can cancel the equivalent resistance R, resulting in the indefinite
oscillation of the LC-tank. How do we generate the negative resistance device? In the device,
when the current decreases as the voltage increases, this device is called the "negative

resistance.”" We can use two transistors and the feedback system to achieve negative resistance.

Fig. 2.4 shows the negative resistance.
;_ Zin j

M, M,

?

Figure 2.4 The negative resistance cell with two transistors.

Using the small signal analysis, the input impedance can be expressed as

| ) 20 |8
Zy =~ (—+—)=—— (f gm1=gm2=gm) (2-9)

Eml Em2 Em
With a negative resistance available, we can now construct an oscillator as illustrated in

Fig. 2.5. The oscillator starts oscillation conditions for

2
R,——20 (2-10)
gm
Lp ...........................
C Resonator
i i (LC-tank)
" :
LA —

r Rs = 2/gmj
>< Negative
H : Resistance
MZ:I I-: M, i cel

Figure 2.5 The negative resistance in parallel on the LC-tank circuit.

8
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2.4 Phase Noise

One of the most important characteristic of VCOs is phase noise. We can know the
impact of the next level by phase noise parameters. An ideal sine wave of the spectrum is a
pulse function (Figure 2.6 (a)). The actual circuit contains a variety of noise lead to the
oscillator output signal frequency spectrum curves like a skirt (Figure 2.6 (b)).

Power 4 Power &
density density

N

=I,r' - —— '.=If'

|deal oscillator Real oscillator

(a) (b)

Figure 2.6 (a) Frequency spectrum of ideal oscillators (b) Frequency spectrum of real oscillators

An ideal sinusoidal wave form is defined as
V(t) = Acos(w,t + ¢) (2-11)
where A is the oscillated amplitude, o, is oscillated frequency and ¢ is a random phase.
The waveform function should be

V()= A() f (o +4(1)) (2-12)

where the oscillated amplitude A(¢z) and phase ¢(¢) are functions of time ¢, the
function f has the period of 2 7. The jitter can cause the amplitude fluctuation and phase
fluctuation in a VCO. Mostly, the amplitude fluctuation can be neglected due to the voltage
limiter or nonlinearity effect of the circuits, but the phase fluctuation can not..

Frequency fluctuations are usually characterized by the single sideband noise spectral

density normalized to the carrier signal power (Fig. 2.6). It is defined as
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L(fo0f) = IOIOg{P“'d‘)b”"d Vet ’IHZ)} 2-13)

carrier

and has units of decibels below the carrier per hertz (dBc/Hz). Peawier is the carrier signal
power at the carrier frequency fc and Pggepand(fc+Af, 1 Hz) denotes the single sideband power

at the offset Af from the carrier fc at a measurement bandwidth of 1 Hz.

P, dBm
A

A 1

L(fw), dBc/Hz

P_ac
£ ssAf

0 ﬁJ_fm f(‘] ﬁ)Jrf;n f

Figure 2.7 Oscillator output power spectrum

The typical oscillator output power spectrum is shown in Fig. 2.7. The noise distribution
on each side of the oscillator signal is subdivided into a larger number of strips of width Af
located at the distance f,, away from the single. It should be noted that, generally, the
spectrum of the output single consists of the phase noise components. Hence, to measure the
phase noise close to the carrier frequency, one needs to make sure that any contributions of
parasitic amplitude modulation to the oscillator output noise spectrum are negligible
compared with those from frequency modulation. The single sideband phase noise L(fy)
usually given logarithmically is defined as the ratio of signal power Pgar in one phase
modulation sideband per bandwidth Af=1 Hz, at an offset f;;, away from the carrier, to the total

signal power Ps.

10
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Time invariant model

In this section, phase noise analysis is described by using time invariant model. Time
invariant means whenever noise sources injection, the phase noise in VCO is the same. In the
other words, phase shift of VCO caused by noise is the same in any time. Therefore, it’s no
need to consider when the noise is coming. Suppose oscillator is consists of amplifier and

resonator. The transfer function of a band-pass resonator is written as

Jo—:
H(jo)=— RIC (2-14)
—tjo—— -
Lc ' re

The transfer function of a common band-pass is written as

H(jo)= 0 (2-15)
2 @ 2
O+ jo—2—w

Compare equation (2-14) with (2-15). Thus,
1
®w,=—— and =w,RC 2-16
v =70 0 =0, (2-16)
The frequency @ = w,+Aw which is near oscillator output frequency. If @, > Aw, we

can use Taylor expansion for only first and second terms. Hence

(@) ~ . 2-1
H(jo) 1+ja)0 Ao (2-17)
0
The close-loop response of oscillator is expressed by
NoN
—j
G(jo) 1 Q (2-18)

:1—H(joo)z 2-Aw

When input noise density is S, (a)) , the output noise density is
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S, () =S, ()|G(o) =FkT(2Qa)2wj (2-19)

The above equation is double sideband noise. The phase noise faraway center frequency

Aw can be expressed by

L(Aw) =1010g[21; kT (ZQ“Z@] } (2-20)

Where F is empirical parameter (“often called the device excess noise number”), k is

Boltzman’ s constant, T is the absolute temperature, Ps is the average power dissipated in the

resistive part of the tank, @, is the oscillation frequency, and Q is the effective quality factor

of the tank with all the loading in place(also known as loaded (). From equation (2-20),
increasing power consumption and higher Q factor can get better phase noise. Increasing
power consumption means increasing the power of amplifier. This method will decrease noise
figure (NF) and improve phase noise.

From, equation (2-20), we can briefly understand phase noise. But the equation and actual
measured results are different. The VCO spectrum is shown as Fig. 2.7. The phase noise

equation can be modified as the same as equation (2-34) that is called Lesson’s model [9].

2FKT | Ay
L(Aw)=10log I N Y P (2-21)
P, 20A® |Aw|

These modifications, due to Leeson, consist of a factor to account for the increased noise
in the 1/(Aw)’ region, an additive factor of unity (inside the braces) to account for the noise
floor, and a multiplicative factor (the term in the second set of parentheses) to provide a
1/ |Aa)|3 behavior at sufficiently small offset frequencies. With these modifications, the

phase-noise spectrum appears as in Fig. 2.8.

It is important to note that the factor F is an empirical fitting parameter and therefore must

12
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be determined from measurements, diminishing the predictive power of the phase-noise

equation. Furthermore, the model asserts that Aa, the boundary between the 1/(Aw)’

113
and 1/ |Aa)|3 regions, is precisely equal to the 1/f corner of device noise. However,

measurements frequently show no such equality, and thus one must generally treat Aw,, , as

/1
an empirical fitting parameter as well. Also, it is not clear what the corner frequency will be in

the presence of more than one noise source with 1/f'noise contribution. Last, the frequency at

which the noise flattens out is not always equal to half the resonator bandwidth, @,/2Q.

Both the ideal oscillator model and the Leeson model suggest that increasing resonator Q and
signal amplitude are ways to reduce phase noise. The Leeson model additionally introduces

the factor F, but without knowing precisely what it depends on, it is difficult to identify

specific ways to reduce it. The same problem exists with A s as well. Last, blind

application of these models has periodically led to earnest but misguided attempts to use
active circuits to boost Q. Sadly, increases in Q through such means are necessarily
accompanied by increases in F as well, preventing the anticipated improvements in phase
noise. Again, the lack of analytical expressions for /' can obscure this conclusion, and one
continues to encounter various doomed oscillator designs based on the notion of active Q

boosting.
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Lecson 10 lt:-g[z:kr)
i I — h" g

Aw 4 w \ log Aw
20 Equ. 2-20

Figure 2.8 Phase noise: Leeson versus (2-20).

Time Variant
In the general case, multiple noise sources affect the phase and amplitude of an oscillator.
This chapter begins by investigating the effect of a single noise source on the amplitude and

phase of the oscillator.

‘ o(1)
l(f)+ i AN 4
i(2) o(1)
h (t,t) |—»
0T t 0 T 't
i(1) e
i(1) A(l)
—> hA(z,t) — N
07T 1 0o T rt

Figure 2.9 Equivalent systems for phase and amplitude
Since each input source generally affects both amplitude and phase, a pair of equivalent
systems, one each for amplitude and phase, can be defined. Each system can be viewed as a
single-input, single-output system as shown in Fig. 2.9. The input of each system in Fig. 2.9 is

a perturbation current (or voltage) and the outputs are the excess phase, ¢(t), and amplitude,

14
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A(t). Both systems shown in Fig. 2.9 are time-variant as shown by the following examples.
The first example is an ideal parallel LC tank oscillating with voltage amplitude, as shown
in Fig. 2.10. If one injects an impulse of current at the voltage maximum, only the voltage
across the capacitor changes; there is no effect on the current through the inductor. Therefore,
the tank voltage changes instantaneously, as shown in Fig. 2.10. Assuming a voltage- and

time-invariant capacitor, the instantaneous voltage change AV is given by

Aq
C

total

AV =

(2-22)

where Aq is the total charge injected by the current impulse and Cio is the total capacitance
in parallel with the current source. It can be seen from Fig. 2.10 that the resultant change in
A(?) and &(t) is time dependent. In particular, if the impulse is applied at the peak of the
voltage across the capacitor, there will be no phase shift and only an amplitude change will
result, as shown in Fig. 2.10(a). On the other hand, if this impulse is applied at the zero
crossing, it has the maximum effect on the excess phase, ¢(t), and the minimum effect on the

amplitude, as depicted in Fig. 2.10(b).

i)

&(t-1)
T i) =C gL
T 7
Vour Vout
max, A V \ V.’?iﬂ.\’ N\

"

Ef .;r ‘M{Em\ f!/}\ =r
AVALVAVARRAVAVAY
(a) B

Figure 2.10 Impulse response of an ideal LC oscillator
To emphasize the generality of this time-variance, consider two more examples. The
relaxation oscillator known as the Bose oscillator is shown in Fig. 2.11. It consists of a

Schmitt-trigger inverter and an RC circuit. The hysteresis in the transfer function of the

15
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inverter and the RC time constant determine the frequency of oscillation. The resulting
capacitor voltage waveform is shown with a solid line in Fig. 2.12.

As before, imagine an impulsive current source in parallel with the capacitor, injecting
charge at t=t, as shown in Fig. 2.11. All of the injected charge goes into the capacitor and
changes the voltage across it instantaneously. This voltage change, AV, results in a phase shift,
Ad, as shown in Fig. 2.12. As can be seen from Fig. 2.12, for a small area of the current
impulse (injected charge), the resultant phase shift is proportional to the voltage change, AV,

and hence to the injected charge, Aq. Therefore, Ad can be written as

AV Ag

A¢ = 1—‘(CUOT) = 1—‘(CL)OZ-) Aq < qmax (2-23)

Vout
A

+Vy o

bvin 4+
V- V+ vy
if) =t
i

Figure 2.11 Bose oscillator with parallel perturbation current source

ViH
A5

Figure 2.12 The waveform of the Bose oscillator
where V. is the voltage swing across the capacitor and max=CnodeVmax 1S the maximum

charge swing. The function, I'(x) is the time-varying “proportionality factor”. It is called the

16
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impulse sensitivity function (ISF), since it determines the sensitivity of the oscillator to an
impulsive input. It is a dimensionless, frequency- and amplitude-independent function
periodic in 2 77 that describes how much phase shift results from applying a unit impulse at
any point in time.

In any event, to develop a feel for typical shapes of ISF’s, consider two representative

examples, first for an LC and a ring oscillator in Fig. 2.13(a) and (b).

Voutlh Vour
A \./ 1.: [ [\[\ >
(0,D [ (0,1)

LA
N Lo :
(VARVER Vo
(a) {b)
Figure 2.13 Example ISF for (a) LC oscillator and (b) ring oscillator.

It is critical to note that the current-to-phase transfer function is linear for small injected
charge, even though the active elements may have strongly nonlinear voltage current behavior.
It should also be noted that the linearity and time-variance of a system depends on both the
characteristics of the system and its input and output variables. The linearization of the
current-to-phase system of Fig. 2.9 does not imply linearization of the nonlinearity of the
voltage-current characteristics of the active devices. In fact, this nonlinearity affects the shape
of the ISF and therefore has an important influence on phase noise, as will be seen shortly.

Noting that the introduced phase shift persists indefinitely, the unity phase impulse response

can be easily calculated from (2-23) to be
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I'(wy7)

hy(t,7) = u(t—r) (2-24)

max

where u(?) is the unit step.
Thanks to linearity, the output excess phase, ¢(t), can be calculated for small charge

injections using the superposition integral
+00 t
ﬂO:IhMLﬁ@MT:IE@ELUMT (2-25)
—o o 9max

where i(¢) represents the input noise current injected into the node of interest. Equation (2-25)
is one of the most important results of this section and will be referred to frequently.

The output voltage, V(¢), is related to the phase, ¢(t), through a phase modulation process.
Thus the complete process by which a noise input becomes an output perturbation in V() can
be summarized in the block diagram of Fig. 2.14. The essential features of the block diagram
of Fig. 2.14 are a modulation by a periodic function, an ideal integration and a nonlinear
phase modulation. The complete process thus can be viewed as a cascade of an LTV system

that converts current (or voltage) to phase, with a nonlinear system that converts phase to

voltage.
F(mor) Ideal Phase
Integration Modulation
i(t)
y(t) o(t) V()
9max t
Fem— J. — cos[ogl+o(h)] —>

Figure 2.14 The equivalent block diagram of the process.

Since the ISF is periodic, it can be expanded in a Fourier series

C(wyr) =y + ch cos(nwyr +6,) (2-26)

n=1

where the coefficients c, are real-valued, and 0, is the phase of the nth harmonic. As will be

seen later, 0, is not important for random input noise and is thus neglected here. Using the
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expansion in (2-26) for I'(wo 7 ) in the superposition integral and exchanging the order of

summation and integration, the following is obtained:

t

H)=— COJ.i(T)dT+icn I i(7) cos(nayr)dz (2-27)

ma:

n=l _p

Equation (2-27) identifies individual contributions to the total ¢(t) for an arbitrary input
current #(f) injected into any circuit node, in terms of the various Fourier coefficients of the
ISF. The decomposition implicit in (2-27) can be better understood with the equivalent block
diagram shown in Fig. 2.15.

Each branch of the equivalent system in Fig. 2.15 acts as a bandpass filter and a
downconverter in the vicinity of an integer multiple of the oscillation frequency. For example,
the second branch weights the input by c;, multiplies it with a tone at @ and integrates the
product. Hence, it passes the frequency components around @, and downconverts the
output to the baseband. As can be seen, components of perturbations in the vicinity of integer

multiples of the oscillation frequency play the most important role in determining ¢(t).

I

<y cos(cuot+91) ;

i(t) 4u®—— J.
Tmax | . == (1) V(t)
< €,COS(Nw,t+6 ) cos[wyt + ¢(1) ) —>

- @[

Figure 2.15 The equivalent system for ISF decomposition

To investigate the effect of low frequency perturbations on the oscillator phase, a low
frequency sinusoidal perturbation current, i(f), is injected into the oscillator at a frequency of
Aw < wo:

i(¢) = 1, cos(Awr) (2-28)
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Figure 2.16 Conversion of a low frequency sinusoidal current to phase
where Iy is the amplitude of i(¢). The arguments of all the integrals in (2-27) are at frequencies
higher than A @ and are significantly attenuated by the averaging nature of the integration,
except the term arising from the first integral, which involves co. Therefore, the only
significant term in ¢(t) will be
‘

o) = Loy, j cos(Awr)dr =

max —0 qmax

Iycy sin(Aat)

v (2-29)

As a result, there will be two impulses at £A @ in the power spectral density of ¢(t),
denoted as S¢( @) as shown in Fig. 2.16.
As another important special case, consider a current at a frequency close to the oscillation
frequency given by
i(t) =1, cos[ (@ + Aw)t | (2-30)
A process similar to that of the previous case occurs except that the spectrum of i(?)
consists of two impulses at £( @ ¢+ A @) as shown in Fig. 2.17. This time the dominant term

in (2-27) will be the second integral corresponding to n=1. Therefore, ¢(t) is given
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Figure 2.17 Conversion of a tone in the vicinity of ®,

_ L sin(Aax)

é(0) (2-31)

2q e A

which again results in two equal sidebands at +A @ 1in S¢p(@ ).
More generally, (2-27) suggests that applying a current, i(r) =1, cos| (nw, +Aw)t ], close to any
integer multiple of the oscillation frequency will result in two equal sidebands at +A @ in

Se(® ). Hence, in the general case ¢(t) is given by

I,c, sin(Awt)

(2-32)
for n#0. For n=0, phase is given by (2-29).

Unfortunately, we are not quite done: (2-32) allows us to figure out the spectrum of ¢(t),
but we ultimately want to find the spectrum of the output voltage of the oscillator, which is
not quite the same thing. The two quantities are linked through the actual output waveform,
however. To illustrate what we mean by this linkage, consider a specific case where the
output may be approximated as a sinusoid, so that v, (¢) = cos[wyt + ¢(t)] . This equation may be
considered a phase-to-voltage converter; it takes phase as an input, and produces from it the

output voltage. This conversion is fundamentally nonlinear because it involves the phase
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modulation of a sinusoid.
Performing this phase-to-voltage conversion, and assuming “small” amplitude
disturbances, we find that the single-tone injection leading to (2-32) results in two

equal-power sidebands symmetrically disposed about the carrier

2
P (Aw) 10-10g[4q]"—c’7AwJ . (2-33)

The foregoing result may be extended to the general case of a white noise source

2
I 2
% Z(‘;c
a0 | (2-34)

2 2
4qmax Aw

Pz (Aw) =10-log

Equation (2-33) implies both upward and downward frequency translations of noise into
the noise near the carrier, as illustrated in Fig. 2.18. This figure summarizes what the
foregoing equations tell us: components of noise near infeger multiples of the carrier
frequency all fold into noise near the carrier itself.

Noise near dc gets upconverted, weighted by coefficient , so 1/f device noise ultimately
becomes 1/£ noise near the carrier; noise near the carrier stays there, weighted by ; and white
noise near higher integer multiples of the carrier undergoes downconversion, turning into
noise in the 1/f region. Note that the 1/ shape results from the integration implied by the
step change in phase caused by an impulsive noise input. Since an integration (even a
time-varying one) gives a white voltage or current spectrum a 1/f character, the power spectral

density will have a 1/f shape.
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Figure 2.18 Evolution of circuit noise into phase noise.
It is clear from Fig. 2.18 that minimizing the various coefficients ¢, (by minimizing the
ISF) will minimize the phase noise. To underscore this point quantitatively, we may use

Parseval’s theorem to write

ki 1 p27
> = - J'O ITCof dr =212, (2-35)

n=0

so that the spectrum in the l/fz region may be expressed as

2
ln 2

L(Aw)=10-log A{—AZ (2-36)
o

max

where T, is the rms value of the ISF. All other factors held equal, reducing T, will reduce
the phase noise at all frequencies. Equation (2-36) is the rigorous equation for the l/f region
and is one key result of the LTV model. Note that no empirical curve-fitting parameters are

present in (2-36).
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Chapter 3 Advanced Designs of Related Works

3.1 Spiral Inductances

In circuit design, we often choose spiral inductances. There are two advantages of using
the spiral inductance. The first is that it can easily select the most suitable inductance from the
factory’s model. The second is the spiral inductance can provide lower noise. However, it also
has some shortcomings. (1) The planar spiral inductance value is proportional to the area.
Therefore, when we need a higher inductance value, we must use a large chip size. (2) In the
standard CMOS process, the quality factor of spiral inductances is usually low. (3) When we
use two or more inductors, which has the coupling effect between each other. That will
influence the inductance value, quality factor and cutoff frequency. These effects will lead to
frequency offset and large noise. (4) Designing a VCO with spiral inductances can not achieve

wide tunable range.

3.2 Active Inductances

The following describes the design method of active inductances and discusses the

inductance value and quality factor.
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3.2.1 The basic concept of active inductor

An active inductance can be realized by using the gyrator and a capacitor. By rotating the
phase to 180- degree, the capacitor shows inductive. Using two back-to-back operational
transconductance amplifier (OTA) to achieve the gyrator (Fig. 3.1). Gy, and Gy, represent
two OTA's transconductance respectively, and C, is the parasitic capacitance.

Using this gyrator to achieve an active inductance, and use of Kirchhoff's voltage law to
calculate the inductance value. We can see the inductance value and transconductor are
related by the formula (3). The inductance value can be increased as the transconduction

decrease or the capacitor increase.

- =
u
Figure 3.1 Schematic diagram of active inductor
1
_Ix = _GmZ(GmII/x x ) (3-1)
sC
p
vV sC
X = P = SLeq (3_2)
[x Gml m?2

C
[ =—r
! (Gml Gm2)
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3.2.2 Active inductor architecture introduced

A. The general structure

Fig. 3.2 shows the general structure of active inductor and its equivalent circuit.

LL’
el Tl
O

(@ (b)

Figure 3.2 The structure of active inductor and its equivalent circuit.

The input impedance can be derived by the small-signal analysis, shown as follows:

s(Cyy + C&dl + ngz) + 81

gs2

in 3-4
(ScédZ +gd>2+gml)(s (CéSZ +C&d)+gm2) ( )
Because Cgs 1s much larger than Cgq, so the formula (3-4) can be simplified to
sC .+
g g2 7 San —Re(Z,)+ jIm(Z, ) (3-5)
(chdZ + gdsZ + gml )(SCgSZ + gm2)
The Z parameter can be converted to Y parameters. The Yi, is given by
— gﬂ? gm
},[n = (Zin) l ~ gdsZ + ng +SCgv1 +# (3'6)
CgsZ + gdsl

The Yj, can be approximated by the equivalent circuit model of the active inductor, as

shown in Fig 3.2(b), where
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Ry = ﬁ (3-7)

Ly = e (3-8)
Em8m2

Co =Coni (3-9)

G, =82t 8m (3-10)

B. The cascade structure

Fig. 3.3 shows the general structure of active inductor and its equivalent circuit.

O

(@) (®)

Figure 3.3 The cascade structure of active inductor and its equivalent circuit.

The Yi, can be approximated by the equivalent circuit model of the active inductor, as

shown in Fig 3.3(b), where

R = 818453

“ gmlnggmB (3_11)
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C
_ gs2
Leq - 2,180 (3-12)
Ceq = gsl (3'13)
1
G . (3-14)

Active
M < I Gn Inductor Zin
@y
- = Zin = =
(@) (b)

Figure 3.4 Use the transistor M3 to increase the quality factor.

The transistor M3 increases the characteristic of positive feedback. Therefore, the circuit
can be equivalent to an active inductor in parallel to a conductance -G, (Fig 3.4(b)). The
quality factor also can be increased as the conductance G¢q decrease. In addition, the transistor
M3 provides the functions of gain-boosting. V,, is the control voltage, which can affect the
value of transconductance. In this structure, the capacitance part is replaced by the parasitic
capacitance of transistors. Therefore, this circuit does not need to include an additional MIM

capacitor.
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C. Adding feedback resistors for the general structure

v, J—— |

(@) ()

Figure 3.5 Adding feedback resistors for the general structure of active inductor and its equivalent circuit.

The Yj, can be approximated by the equivalent circuit model of the active inductor, as

shown in Fig 3.5(b), where

East

Re = -

! gmlgm2 (3 15)
L _ CgsZ (1 + gdisf)

“ gmlng (3-16)
Cop = Con (3-17)

gml

G =g, +—2m

eq 852 1+gdS1Rf (3_18)

Equation (3-16) and Equation (3-18) showed that adding the feedback resistance will lead
to reduction of the conductance and the equivalent inductance value increases. Therefore,

Adds the feedback resistor can effectively enhance the quality factor of active inductance.
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3.2.3 Advantages and disadvantages of active inductor

We can find some advantages of active inductors. (1) The die area is really small. (2) It
does not have the coupling effect. (3) The quality factor is very high. (4) Designing a VCO
with active inductances can achieve wide tunable range. However, it also has some

disadvantages, such as high noise and high power consumption.
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Chapter 4 Proposed Wide tuning range VCO

4.1 INTRODUCTION

In recent years, rapid growth of wireless communication markets has led to multiple
wireless standards. These wireless standards may coexist on the same frequency; therefore,
the hardware reused for multiple standards becomes an important issue. In order to solve this
problem, the wide tuning range VCO is essential. In the past research, LC-tank VCOs with
spiral inductors and varactors are the most used for circuit implementation at radio
frequencies. This structure of the tuning frequency depends entirely on the varactor’s tunable
range; therefore, subject to the influence of traditional CMOS process, the tuning range is
limited to less than 30% [1]- [3] making it unattractive for wideband applications. Many ways
have been proposed to improve the tuning range of the LC-tank VCO by switched capacitors
[4], [5]- To operate at multiple frequencies, a number of switched -capacitor converters for
VCO are used. Though the tuning range can be improved, the overall circuit area has
increased considerably.

To overcome the increase in chip size, the structure of active inductors has been
introduced [6]. An active inductor can be realized by using two gyrators and a capacitor. By
rotating the phase to 180- degree, the capacitor shows inductance. Using this active inductor
to replace the spiral inductor of LC- tank VCO can effectively reduce the chip area. However

this is a one-port inductor topology, so to completely replace the spiral inductor, the active
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inductor must use more than four transistors, and using more transistors will lead to the
increased of the noise on the circuit significantly.

In this chapter, a wide tuning range VCO circuit is proposed. Using differential active
inductors and adding a feedback resistor to the variable conductance can achieve the effect of
broadband and smaller chip area. The proposed VCO is validated by an implementation using

the TSMC 0.18 um 1P6M process.

4.2 Differential Active Inductors

in

2

Figure 4.1 The differential active inductor.

V
+ _Tin
2

When the input signal with the opposite sign (+Vi,/2 and -Viy/2) is also applied to each
of M, and M, source (Fig 4.1), the Input impedance can be shown as an inductor. In order for
the inductor value can be adjusted. The transistor is used as a tunable resistor, using it to
replace the fixed resistor. Fig 4.2 shows the transistor is used as a tunable resistor. When the

gate voltage is tuned, the drain- to-source impedance is equivalent to a tunable resistor.
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Drain| 8mVsg m Source
Port, © @ © Port,

Te oF

lGate
PMOS
\%

tune

Figure 4.2 The transistor is used as a tunable resistor.

Fig 4.3 shows the VCO with active inductor. Because the VCO’s tuning range depends
on the tunable range of active inductor. Therefore, using this active inductor can achieve a

wide tuning range VCO.

Active inductor

sive resistor 7

e

Negative resistance

Figure 4.3 The VCO with the active inductor.
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Through simulation (Fig 4.4), we found a problem. When the control voltage is

gradually increased to a specific value, the negative resistor device of VCO can not work.

m7 m1
—¥Y——-—o—— Ifreq=1.400GHz
=S —— — real(Z(3,3))=44.222

— ———— |vct=1.800000

< TN m7
1 ~. | |freq=6.200GHz

1 / ) real(Z(3,3))=12.526
400 vct=1.440000

real(2(3,3))
I
f
|

] m2
00— \ / freq=4.500GHz
real(Z(3,3))=39.203
-700 T T TT ‘ T T TT ‘ T T TT ‘ T T TT ‘ T T 1T ‘ TT 1T ‘ TT 1T ‘ TT 1T VCt=1 '200000

1 2 3 4 5 6 7 8 9

freq, GHz

Figure 4.4 Simulation output negative resistance value

In order to solve this problem, we adds a feedback resistor in the tunable reisitor (Fig

4.5). The feedback resistor can limit the maximum value of the tunable reisitor.

Active inductor

[ Ve |
R[ 'm, M4_§F‘2
<
N =
f__ _______ 1
s S
: \ M, M, |Y :
LT T

Negative resistance

Figure 4.5 Adding feedback resistors in the active inductor.
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Simulation again (Fig 4.6), the tunable range of the control voltage shows an increase of
0.7V.

m1

freq=1.400GHz
real(Z(3,3))=-64.744
7 |vet=1.800000

50—

100

] |[m7
freq=6.200GHz
real(Z(3,3))=-175.361
vct=1.440000

150

real(Z(3,3))

200

m2
freq=4.500GHz
1 real(Z(3,3))=-96.519
300 +————+——— 77— vct=1.200000

1 2 3 4 5 6 7

freq, GHz

250

Figure 4.6 Simulation output negative resistance value

4.3 Circuit Design and Analysis

Active inductor

Negative resistance

Figure 4.7 Proposed VCO circuit.

35



Chapter 4 Design of a Wide tuning range VCO

Our design is shown in Fig 4.7. The tunable active inductor is implemented by transistors
M;-M,, where the gyrator-C architecture is adopted to emulate the characteristics of an
inductor. The proposed two-port circuit topology compared to the conventional one-port
active inductor uses fewer transistors, thus reducing the impact of noise on the circuit, and the
chip area becomes smaller. Adding a resistor in parallel to the transistor's (M;-My) source to
the drain, effectively improves the tunable range of Vw. Fig 4.8 shows the small-signal
equivalent circuit of the active inductor (M;-M4 and R;-R,) in Fig 4.7. M; and M, form a
cross-coupled pair, while the combination of M3 and R, is modeled as g;, and the combination

of My and R; is modeled as g,.

+
C s1
Vgs1 - ’ 9, (*)
- ngVgSZ
T CgsZ -
1'in (*) g, T Voo Jlout
$ gm1vgs1 + 3
V
+J __In
2 2

(b)

Figure 4.8 (a) Small-signal equivalent circuit of the differential active inductor.

(b) Simplified circuit model of the active inductor.

36



Chapter 4 Design of a Wide tuning range VCO

When the input signal with the opposite sign (+V;,/2 and -V;,/2) is also applied to each of
M, and M; source, the input impedance can be derived by the small-signal analysis, shown as

follows:

Vin _ 2(joCy + 8, — &) (4_1)
Iy gZ(ja)CgSl +8,1)

Z =

in

As g=g;=g; and gn=gm1=gm> the input impedance can be approximated by the simplified

circuit model of the active inductor, as shown in Fig 4.8(b), where

2C
I 4-2
“ g2g,-2) (4-2)
R = 2(g-8,) (4-3)
g(2g,—g)
_8n -
7 (4-4)

The equation (4-2) shows that the equivalent inductance value depends on the circuit
parameters, including Cg, gm, and g, and tuning conductance g can do the most effective
inductance adjustment. Therefore, a wide tunable range of the variable conductance was

proposed by adding a feedback resistance of PMOS (Fig 4.9).

Figure 4.9 Tunable conductance two port equivalent model
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The drain-source port can be equivalent to a variable conductivity by adjusting the gate
voltage V1. However the negative resistance in the VCO will lose efficiency. This is because
the increase of Vi, the conductance becomes smaller to a certain value which leads to lack of
supply current. So adding the feedback resistor Ry to limit the minimum value of the variable
conductance can effectively solve this problem and improve the tunable range of V.

In phase noise analysis, the pioneering work by Hajimiri and Lee is applied to evaluate
the phase noise L of the circuit at an offset frequency Aw from the carrier [10]. The phase
noise is given by

2

T
L(Aw)=10log(—2&—s 4-5
(Aw) g(2Aa)2quAfmk) (4-5)
with Cq being the tank capacitance. Ay is the oscillation amplitude across the resonator and
[, 1is the root mean square value of the impulse sensitivity function (ISF). Equation (4-5)

shows that a larger C,q can lead to a lower phase noise. Fig 4.7, varactors were replaced by C;

and C,, thereby increasing the tank capacitance C.q thus lowering the phase noise.

4.4 Simulated Results

(1)Tuning Range
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(2)Phase Noise

pnmx, dBc

(3)Output Power

dBm(var("vout+")[::,1])
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(5).CornerCase(TT ~ FF ~ SS ~ FS ~ SF) Temperature=25°C

RF Corner TT FF SS FS SF
Oscillator Frequency (GHz) 0.8~6.5 | 1.3~7.1 |0.88~59] 1.2~57 10.92~5238
Phase Noise (dBc/Hz@1MHz) | -88 ~-93 | -88~-94 | -89 ~-94 | -91 ~-94 | -89 ~-94
Output Power (dBm) -5.26 -5.4 -5.5 -4.15 -3.8
Power Consumption (mW) 19.8 24.3 22.6 21.2 23.6
Tuning Range (%) 152 138 148 130 145
(6) Temperature effect
Temperature -50C 25C 80°C
Oscillator Frequency (GHz) 0.86 ~ 6.2 0.8~6.5 09~54
Phase Noise (dBc/Hz@1MHz) -88 ~-94 -88 ~-93 -89 ~-94
Output Power (dBm) -4.6 -5.26 -5.5
Power Consumption (mW) 19.8 19.8 18.72
Tuning Range (%) 151 152 142
(7) Voltage variation
VDD 1.76 1.78 1.8 1.82 1.84
Oscillator Frequency (GHz) 0.7~6.45 108~648] 0.8~6.5 ]09~6.55]09~6.59
Phase Noise (dBc/Hz@1MHz) | -88 ~-93 | -88~-93 | -88~-93 |-88~-93 | -88~-93
Output Power (dBm) -6 -5.6 -5.26 -4.97 -4.72
Power Consumption (mW) 18.48 19.22 19.8 20.56 21.34
Tuning Range (%) 156 155 152 150 149
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4.5 Measured Results

Fig 4.10 shows the die microphotograph of the proposed VCO, where it is fabricated by

using the TSMC 0.18 pm CMOS process.

Figure 4.10 Microphotograph of the proposed VCO.

The total die area is 0.60x0.67mm* including the pads, where the core of active area is
only175x170um’ . The circuit characteristics of the VCO were evaluated through on-wafer
probing. The circuit operates at a supply voltage of 1.8 V. The measured output oscillation
frequencies are shown in Fig 4.11. As the controlled voltage is tuned from 0 to 1.8 V, the
proposed VCO provides an output frequency from 0.5 GHz to 5.6 GHz with an enough
output power of — 6 dBm. The worst power consumption of the VCO core is 17.8 mW. Fig

4.12 shows the phase noise at 1-MHz offset when V. sweeps is tuned from 0.1 to 1.8 V.
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Figure 4.11 The tuning range of the VCO.
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Figure 4.12 The phase noise of the proposed VCO.

When the VCO is operates at an oscillation frequency of 538 MHz, the output power and
the phase noise at 1-MHz offset are -5.7 dBm and -99 dBc/Hz. When the oscillation
frequency is 5.6 GHz, the output power and the phase noise at 1-MHz offset are 0.4 dBm and
-94 dBc/Hz. Comparison results show that our proposed work yields ultra wide tuning range,

small chip size and maintain an appropriate phase noise.
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4.6 Measured Performance Summary and Comparison

TABLE I
Wide Tuning-Range VCO MEASURED PERFORMANCE SUMMARY AND COMPARISON

CMOS Tuning Phase Noise Ppc Active Area
Ref. Technology GHz A @ 1MHz (mW) ()
(um) offset(dBc/Hz)
[7] 0.18 38~74 64 -75.~-92 29.1 -
[8] 0.18 05~2 120 -78 ~-90 13.8 300x300
[9] 0.18 04~1.6 120 -88 ~-95 26 -
[10] 0.18 27~54 66 -90 ~ -95 18.4 600x700°
[11] 0.18 1.85~3.66 65 -81 ~-111° 21.6 -
This 0.18 0.54 ~5.67 165 -94 ~-99 17.8 175x170
work

“PN at 3MHz offset ‘including pads and guard ring
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Chapter S Conclusion

An ultra-wide tuning range VCO of 5 GHz is proposed. This VCO uses differential active
inductor architecture, and adds a feedback resistor in the active inductor. The feedback
resistor can limit the minimum value of conductivity. The circuit current is sufficient, because
of small conductance. Therefore, the tuning range of VCO can be increased. This structure
requires less number of transistors, thus, the chip size can be smaller. The proposed circuit is
implemented by the TSMC 0.18um 1P6M process technology and the measurement result of
the proposed VCO shows an output frequency from 0.5 GHz to 5.6 GHz. The tunable
frequency range can reach a bandwidth of 5GHz, and the tuning range is 165%. The worst

phase noise measurements at 1| MHz offset frequency is -94 dBc¢/Hz. Using the active inductor,

the die area of the VCO is 175 x 170 yim*
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