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1. Ultra Wideband Oscillators

1.1 Introduction

Ultra wideband (UWB) wireless technology has promoted designing devices covering wide
bandwidth over several gigahertz. Among them are UWB oscillators that should achieve
very wide tuning range along with low phase noise performance.

An effective solution to this has been to use multiple narrowband VCOs, each covering a
portion of the required range. This solution requires high cost and increased design
complexity. Alternatively, varactors, switched capacitors, variable inductors, and tunable
active inductors are proposed to extend the tuning range of VCOs. However, there are
several challenges in realizing integrated VCOs with these techniques.

This chapter deals with the analysis and design of integrated oscillator circuits, with
emphasis on Ultra Wideband (UWB) application. First, VCO fundamentals are introduced
and the impacts of wideband operation on VCO performance are discussed. After that, the
general guidelines in doing layout for active and passive devices will be presented. Focus
will be placed on the optimum RF performance of components. Then, the design
considerations along with various tuning methods for wideband oscillation will be
introduced. In each case, the achieved tuning range realized through these methods is
mentioned. Finally, the design and implementation of two Ultra wideband (UWB) VCOs are
described, with the experimental results in a 0.18-um CMOS technology.

1.2 Specification of Oscillator Properties

The most critical performance specification for an oscillator is its spectral purity, usually
characterized by phase noise. In a receiver, the phase noise of the local oscillator (LO)
degrades the received signal-to-noise ratio (SNR) of the desired signal at IF by a process
often referred to as reciprocal mixing. This limits the ability to detect a weak signal in the
presence of a strong signal in an adjacent channel. Phase noise also corrupts the information
present in phase-modulated signals by effectively rotating the symbol constellation,
degrading the bit error rate (BER) of communication systems. In a transmitter, LO phase
noise is modulated onto the desired signal and results in energy being transmitted outside
of the desired band.
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160 Ultra Wideband

Since many wireless transceivers are battery-powered, it is required to minimize the power
consumption in oscillator. There is a trade-off between phase noise and power consumption
until the voltage swing is maximized. Beyond this swing level, raising the current will
increase the phase noise, and will waste power.

1.3 Single Transistor Oscillator

Colpitts and Hartley oscillators are two most popular single transistor topologies, as
illustrated in Figure 1. The Colpitts oscillator has a capacitively tapped resonator, with a
positive feedback provided by an active device.

In Hartley oscillator, the LC network has two inductors and one capacitance. The NMOS
amplifier is connected in a common gate configuration. The capacitance C3 has one port
connected to L1 and the other port connected to L2. There is no way to replace this
capacitance with the load capacitance.
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Fig. 1. AC equivalent circuit a) Colpitts VCO with a load inductor b) Hartley Oscillator

1.4 Differential Oscillators

The single-switch VCO (S5-VCO) and the double-switch VCO (DS-VCO) are two popular
topologies used in the design of integrated oscillators. Figure 2 shows the simplified circuit
schematic of both topologies. The transconductance in both circuits, which is set by the bias
condition and the dimensions of the cross-coupled pair transistors, provides a negative
resistance to compensate the losses in the resonator.

To control the negative resistance and hence set the oscillation amplitude, a tail current
source is employed (transistor M3 in Fig. 2(a) and (b)). The presence of the tail current
source, which reduces the oscillation headroom, affects the up-conversion of 1/f and
thermal noise to phase noise as well [1].

In the SS-VCO two integrated inductors or a single center-tapped differential inductor may
be employed, while a single center-tapped can be used in the DS-VCO. The parasitic
capacitances associated with the transconductor cell are larger in the DS-VCO than in the
SS-VCO. The parasitic capacitances reduce both the tuning range and the maximum
oscillation frequency. The oscillation amplitude of the DS-VCO, for identical resonators and
equal power consumption, is anticipated to be twice as large as in the SS-VCO [2]. Thus, DS-
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Ultra wideband oscillators 161

VCO exhibits better phase noise performance compared to the SS-VCO. However, the
former requires a larger supply voltage than the latter, due to the additional stacking of the
PMOS pair.

VD D

M1 M2 M1

Vbo_l M3 VbH

(a) (b)

Fig. 2. Simplified circuits schematic of (a) the SS-VCO and (b) the DS-VCO.

1.5 Phase Noise
The most critical performance specification for an oscillator is its spectral purity. In any practical

oscillator, the spectrum has power distributed around the desired oscillation frequency o,
known as phase noise, in addition to power located at harmonic frequencies, as shown in Figure 3.

Power &
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Fig. 3. Practical oscillator spectrum.
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An oscillator can usually either be viewed as a single two-port feedback circuit, or as two one-
port circuits connected together. Consider the linear feedback model depicted in Figure 4.
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S{s) ———p a(s) p 5,(5)

fs)

Fig. 4. Basic Oscillator feedback model

The overall transfer function from input to output is given by

So(s) _  a(s)
Si(s)  1—a()f(s)

This system can have a non-zero output without any input as long as the quantity a(s)f(s),
i.e. the loop gain, is one and the phase shift around the loop is zero.

However, an initial loop gain magnitude greater than one is typically designed and then
nonlinearities in the amplifier will reduce the magnitude to exactly one in steady-state
operation.

Assuming a(s) has zero phase shift, we can implement f(s) as a resonator, realized with a
parallel LC tank, having zero phase shift at the desired oscillation frequency.

(1)

Another way to view an oscillator is to break it up into two one-port networks, an active
circuit and a resonator, as depicted in Figure 5. When the equivalent parallel resistance Rt of
the resonator is exactly balanced by a negative resistance -R, of the active circuit, the
negative resistance compensates the losses in the resonator and steady-state oscillation is
achieved.

Active
Eesonator < |_’ Circuit

Ry -R,

Fig. 5. Two One-port networks view of an oscillator.

1.5.1 One-Port View of Phase Noise
Figure 6 shows an equivalent one-port model of an LC oscillator, in which i,(®) denotes all
noise sources in the circuit. Suppose the mean square noise current density is 73 /Aw .

www.intechopen.com



Ultra wideband oscillators 163

Assuming linear time-invariant behavior, total noise power density PB,(®)/A® can be
calculated as [1]:

(o) 1
Aw)  Aw)

NZ(w)] )

where, |Z(w)| is the tank’s magnitude response.

. I — Ry Active
1”((0)@ g 1T | I Circuit

Fig. 6. One-port model of an LC oscillator.

Two ways to decrease phase noise are suggested by (2). First, we should use as few active
devices as possible to minimize the number of noise sources in the oscillator. Second, the
tank’s magnitude response |Z(w)| should be made as narrow as possible, i.e. a high quality
factor (Q) should be employed for the LC-tank.

1.5.2 Two-Port View of Phase Noise

Returning to the two-port model shown in Figure 4, we now consider f(s) to be a parallel
RLC tank as shown in Figure 7(a). The magnitude and phase responses of such a network
are given in Figure 7 (b). As discussed before, we need zero degrees net phase shift around
the feedback loop (any integer multiple of 360 degrees). Since noise sources in the oscillator
circuit will cause temporary phase shifts in the feedback loop, the instantaneous oscillation
frequency will be changing such that the tank produces a compensating phase shift, keeping
the total phase shift around the loop equal to zero. Thus, phase noise can also be viewed as
short-term instability in the frequency of oscillation [3].

The phase noise denoted by L{Aw}is defined as

(3)

L{Aw} = 10.log [P“”(w" il Aw)]

Fs
where, Py, (wo + Aw) represents the single sideband power measured in a 1-Hz bandwidth
and located at a frequency offset Aw from the oscillation frequency wo. Ps represents the total

signal power. A typical plot of L{Aw}is shown in Figure 8. Note the existence of regions of
various slopes, as discussed in [1].
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164 Ultra Wideband

As mentioned above, to reduce the phase noise the magnitude response of the tank should
be as sharp as possible, i.e. it should have a very narrow bandwidth or simply a high quality
factor Q.
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Fig. 7. (a) Parallel RLC tank. (b) Magnitude and phase response.
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Fig. 8. General appearance of single-sideband phase noise.
1.5 Quality Factor

LC tanks, often referred as LC resonators, are represented as series or parallel RLC networks,
since practical LC tanks contain additional resistive components. At resonance frequency,

wo = 1/VLC, the tank impedance is purely resistive, and the phase of the impedance
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response is exactly zero. At frequencies below (above) resonance, the tank impedance of the
parallel RLC network is mainly inductive (capacitive). For series RLC networks, this
scenario is exactly opposite.

The resonator’s quality factor, Q, is generally defined as:

Energy stored

Q = W 4)

"Average power dissipated

The quality factor, which indicates the ability of the tank to retain energy, often determines
the phase noise performance of LC VCOs. Also, Q indicates the steepness of the impedance
near @ or the sharpness of the peak impedance at wy. Therefore, Q can also be described by:

Wo
Q=7r—— (5)
Aw_3qp
where, Aw-34p is the —3dB bandwidth of the impedance response. Clearly, a larger Q results
in a higher rejection of spectral energy away from the resonant frequency, leading to more
purity of the oscillator output spectrum.

At resonance, the Q of the RLC networks is given by:

R
Q = — = wyRC (parallel RLC) (6)
woL
woL 1

Q = (series RLC) (7

R wyRC
where, the dual nature of series and parallel RLC networks is apparent.

In wide-band VCOs, the equivalent tank impedance changes considerably along the tuning
range. Figure 9 shows the simulated Q of a standard available on-chip inductor in a 0.18pm
CMOS technology [2]. It is observed that the Q is linearly increased with the operation
frequency. Aiming for a wideband VCO operating between 3- 6GHz, it is of interest to have
the maximum Q at the highest frequencies, since the phase noise increases with frequency
and may be reduced with the gain in Q. However, the variations in Q cause unwanted
effects on the output amplitude. This issue will be explored in more detail in section 1.7.3.3.
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Fig. 9. Simulated Q for a circular 0.45nH on-chip inductor in a 0.18pm CMOS process [2].

1.6 Figure of Merit

Most oscillator designers usually report a figure of merit (FoM) value for their specific
design. The most commonly used FoM in the RF community is the power-frequency-tuning-
normalized (PFTN) figure of merit (FOM), as defined in [4, 6]:

FoM = 10.log (g (‘“""”“’;;‘”‘””i")> — L{Aw} (8)

where, Aw is the frequency offset from the carrier frequency wy, P is the power consumed by the
VCO core, and L{Aw} is the phase noise measured at an offset Aw from the carrier. Also, ®omax
and womin denote the high-side and the low-side frequencies of the tuning range, respectively.

1.7 Layout of Active and Passive Components

In CMOS VCO circuits, finding the optimal layout for both the passive and active devices is
critical to achieving the best possible performance. One reason is the increasing impact of the
parasitics in the device layout with technology scaling. Therefore, a well-optimized layout, which
minimizes the parasitics and the noise sources, is very important. This section is devoted to these
issues, including the integration of spiral inductors with high quality factor, active inductors,
capacitors, varactor, resistors, and transistors for realizing the ultimate goal of VCO design.

1.7.1 Resistors

Figures of merit for resistors are sheet resistance, tolerance, parasitic capacitance, and
voltage and temperature coefficients. In CMOS technology, resistors can be formed from the
implanted well, the gate polysilicon, the source/drain active areas, and metal.

Polysilicon resistors are often used in integrated circuits for their low dependence on
voltage and temperature. A low-doped p-type polysilicon resistor is used for applications
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requiring high resistance. Despite its good parasitic capacitance, this resistor exhibits a 25%
tolerance [8]. On the other hand, highly doped p-type polysilicon resistors are preferred in
most cases because of their good matching and low parasitic.

Non-salicide high resistance poly has a sheet resistance between 800 - 1200 ohm/square.
Non- salicide P+ (N+) poly resistance has a sheet resistance of 280-455 (95-180) ohm/square.
These non-salicide poly resistors can be used for high-frequency circuits. Salicide P+/N+
poly resistance has a sheet resistance of 2-15 ohm/square, with small parasitic capacitance.

Diffusion resistors are similar to poly in terms of parasitic capacitance and voltage coefficient.
They are typically controlled to a 10% tolerance. Salicide P+/N+ diffusion resistance has a sheet
resistance of 2-15 ohm/square, with large parasitic. Non- salicide P+ (N+) diffusion has a sheet
resistance of 110 -190 (60 -100) ohm/square. Non-salicide diffusion resistors are only suitable
for low-frequency circuits, e.g. they are often used for ESD protection.

Well resistors have a large sheet resistance of 300 to 500 ohm/square, with large parasitic
capacitance. Because of their strong dependence on voltage, they are usually used to feed a
DC bias voltage.

Another high-performance resistor is formed of a thin metal film, further above the substrate

in the wiring levels [9]. It has a sheet resistance of 0.025 to 0.115 ohm/square, with several
attractive features such as low tolerance, low variation with voltage, and low parasitic.

1.7.2 Capacitors

# Metal &
/ |
g T Fr AT T IR el
tas | //yﬂﬂ .%l|”ull,/./“| % Il
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Fig. 10. Four Stacked Lateral Flux Capacitors. Fingers with dark cross-sections are connected
to one port. The remaining fingers are connected to the other port [10].
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Capacitors can be realized in any IC process using parallel plates from any two different
layers (see Figure 10). Much larger capacitance per unit area can be obtained using the
polysilicon layer as one or both of the capacitor plates. Nevertheless, a potential problem is
that parasitic capacitance from the poly to the substrate may affect the circuit performance.
To achieve large capacitance per unit area, it is common to use several sandwiched-type
capacitors and connect them in parallel (Figure 11). In order to obtain two capacitors with a
good matching ratio, common-centroid and dummy devices are employed. Matched
capacitors should have the same perimeter-area ratio.

Capacitors with relatively high-Q can also be implemented as interdigital, i.e. two
conductors on the same plane are terminated in interdigitated fingers. These are used for
low capacitance applications (0.05-0.5pF). With more metal layers available in a modern
technology, the density of this capacitor tends to improve.

Since polysilicon-based capacitors are lossy, metal-insulator-metal (MIM) capacitors are
preferred in RF design. MIM capacitors exhibit high density (e.g. 1-2fF/pm?2) by using an
ultra-thin layer of silicon nitride sandwiched along with an intermediate metal layer. Their
typical Q exceeds 100 at 1GHz, with a relatively low parasitic capacitance (1% or less) [4].
MIM capacitors and Metal finger capacitors can be simply modeled by equivalent series RC
networks, where R represents the series loss from the finite resistance of the metal plates.

Metal5
Viad _I_ Cas
Metald Cq
Via3 Cva
Metal3 Cy
Via2 G2
Metal2 - - Csy
Viat P )_l Cy1
Metal1 — — C

Substrate

e L q

Cross-Section Side View
Fig. 11. Cross-Section of a Vertical Mesh Capacitor (left) and side view (right) [10].
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1.7.3 Integrated Passive Inductors

On-chip inductor is by far the most critical component in an LC-tank oscillator, since its Q
affects the phase noise performance and determines the power dissipation. As the process
technology improves and the number of metal layers is increased, the quality (Q) of the
passives is generally enhanced. Typical values of a standard on-chip inductor are in the
range of a few nH with a Q ranging from 2-10 (for frequencies below 6GHz), depending on
the technology and operating frequency [2].

On-chip inductors often need large loops and they have an area inefficient structure,
compared to capacitors and resistors. However, planar inductors are widely implemented
due to their flat Q and the ease of fabrication in standard processes. Typical on-chip spiral
inductor structures are shown in Figure 12, which consist of multiple squares, octagonal, or
circular spiraling turns forming its coils [4].

Making an inductor wider decreases the series resistance, and hence has a positive effect on
Q at a particular frequency to a certain extent [12]. However, this would increase the coil
capacitance and further reduce the resonant frequency. The maximal width of the metal
(usually it is about 15-30 um) is usually established using an optimization for resonance
frequency or Q-factor.

The spiral is generally implemented in the topmost available metal layer because of its
larger thickness than lower metal layers which helps reduce resistive losses. Also due to
lower parasitic capacitance to the substrate, top metal layers give rise to higher self-
resonance frequency. Note that the use of lower metal layers (closer to the substrate) brings
down the self-resonance of the inductor. Sometimes two or more levels are connected in
parallel to reduce resistance. Again, this technique effectively brings the coil closer to the
substrate, which lowers its self-resonance.

The outer diameter of the inductor depends on how wide the inductor wire is, which in turn
determines the area the inductor covers. For a given inductor area, one can fill in more turns
until the entire space is occupied. Nevertheless, this is not recommended because of loss
constraints and the fact that inner turns only slightly increase the overall inductance. Thus,
spiral inductors are rarely filled to their maximum number of turns, and increasing the
inductance is typically achieved by increasing the coil radius.

The inductance of a spiral is a complicated function of its geometry, and accurate
computations require the use of field solvers. However, an approximate estimate, suitable
for quick hand calculations as described in [12], gives the result which may deviate about
30% in comparison with field simulator results.

Square spirals offer the largest inductance per area compared to octagonal or circular spiral,
whereas circular spirals is known to provide somewhat higher Q factor. The octagonal
spirals are used as the next best alternative [4], since often circular geometries are not
supported by many layout tools and not permitted in many technologies.

Another popular technique which provides a much more compact layout is to utilize a
differential structure, as shown in Figure 13 [4], instead of using two single-ended inductors.
In addition, the differential structure suppresses common- or even-mode capacitive
parasitics and associated losses [14]. These benefits can also improve the self-resonance
frequency and quality factor.
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(a) (@) (o)

Fig. 12. Typical integrated inductors: (a) square, (b) octagonal, and (c) circular spirals [4].

@0 ©

(@) (&)
Fig. 13. A pair of single-ended inductors (a) and a differential inductor (b) with similar total
inductance [4].

When two or more coils are used on the same chip, the distance between coil centers should
be at least two times larger than the coil diameter for each couple of coils.

1.7.3.1 Measures for Q-enhancement

Three technological measures increasing Q are mentioned here. The first measure, which is
anticipated to increase Q in two or three times, is using copper (Cu) alloys instead of
aluminum (Al) alloys. The second measure is removal of the substrate under the coil (by
etching or micromachining). It increases Q in addition by two or three times. The
micromachined Cu inductors may have Q's as high as 50, and allow realization of bandpass
filters with the insertion loss which is better than -5dB at the frequency about 6GHz.

Third measure is a pattern ground-shield, which has been shown to improve the Q of the
inductor, since it reduces the capacitive coupling to the lossy substrate [13]. This technique
also reduces the noise coupled from the substrate at the penalty of reduction of the self
resonant frequency of the inductor.

Today, such inductors are common in standard available design kits provided by the
manufacturers. However, despite these efforts, the inductor Q is still one of the main uncertain
parameters in RF circuit design and in many cases the major bottleneck of entire systems.
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1.7.3.2 Inductor Modeling

The area of an on-chip inductor can span up to hundreds of pm across and does not scale
down with the technology [2]. Aside from their large physical dimensions, integrated
inductors are usually described by simple lumped equivalent networks.

Figure 14 (a) shows a lumped n-model for an integrated inductor. Ls describes the series
inductance and Rs represents the series resistance of the metal layer. C, models the
interwinding capacitance between the traces. In silicon technology the fairly conductive
substrate is close to the spiral, which is essentially creating a parallel plate capacitor (Cox)
that resonates with the inductor. Rs,, model the resistive path in the substrate which also
reduces the Q of the inductor. Cs,, models the capacitive coupling from metal to substrate
which reduces the resonant frequency of the inductor.

Ls Rg
MM N, >

CoxR cl;( p zcox ; % ; %

\VAAAS \AAAS

. :If;sub Csu{ = —t —t —t
1 1T sy ™7a
T {T iT :T

Fig. 14. (a) Basic n-model of an integrated inductor (b) wideband lumped equivalent.

The m-equivalent network is a narrowband model only valid in the close vicinity of that
particular frequency and is not suitable in wideband designs [4].

The network shown in Figure 14 (b) approximates the frequency dependence of the most
important characteristics of the coil using an expanded lumped equivalent network. As a
result, its validity holds over a much wider frequency range and it is better suited for
wideband design analysis [4].

1.7.3.3 Effect of frequency

The Q value of ideal inductors is improved with the increase in frequency. This is however
not the case for on-chip inductors because the parasitic capacitance and substrate losses
show their significance at higher frequencies [12].

The series dc resistance of the inductor is the dominant loss contributor at low frequencies
(<1GHz). At higher frequencies, the series resistance rises considerably, due to skin and
proximity effects. The skin effect forces the current in the inductor to flow on the outside of
the spiral. This makes the inner turns of the spiral less effective than the outer turns and the
effective series resistance is increased.

Proximity effects due to fields from adjacent turns result in a similar frequency-dependent
non-uniform current distribution and corresponding loss increase. Also, the flow of currents
in the substrate translates to additional losses which are a strong function of the substrate
resistivity and become significant as frequency increases.
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As a result, Q initially rises linearly with frequency since the loss is dominated by the coil’s
dc series resistance. Eventually, skin and proximity effects as well as substrate losses
become dominant. Thus, Q gradually peaks to a maximal value, and beyond which it
experiences a fast decline as frequency approaches the coil’s self-resonance. Note that the
impact of the above effects on the inductor performance is very complicated, and therefore,
software tools must be used for its performance optimization.

1.7.4 Active Inductor Design

Active inductors may often be of interest in RF circuits, since passive inductors are not
economical in terms of the fabrication technology and die area. An active inductor can be
realized by connecting two transconductors with resistive feedback (Rg), as shown in
Figure 15 (a) [15-18]. This realization is based on the gyrator-C topology (Figure 15(b)). In
Figure 15(a), transistor M2 is employed to reduce the output conductance (gs), as a result of
which the inductance, quality factor, and frequency tuning range are improved. Also, the
feedback resistance Ry between M; and M;3 significantly increases the inductance [16]. The
resistance (R¢) is usually implemented by a passive poly layer.

Due to low-inductance value and narrow frequency range of the above topology, improved
cascode structure employing active resistors in the feedback line is also proposed [19]. The
fully tunable active inductor (TAI) and its equivalent circuit model are shown in Figure
16(a) and Figure 16(b), respectively. This active inductor exploits a tunable feedback
resistance, implemented by connecting the resistor (Rf) in parallel with a transistor. The
gate-source voltage (Viune) in this transistor controls the total effective resistance (Refr). This
reduces the output conductance and improves the quality factor.

Voo

1
1

(@) (b)
Fig. 15. (a) Schematic of cascode-grounded active inductor with a feedback resistance (b)
Gyrator topology
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The equivalent capacitance, inductance, and resistors are [19]:

Ceq - Cgs3 ©)

(a) = (b)
GND
Fig. 16. (a) TAI topology (b) Equivalent circuit model of active inductor

2 2
— gmll(D’m2Cgs1 To CgslchZ (ngds2 +1) (10)

2 2 2
gmlgm3 gm3 To nggm3Cgsl

_ gmlgdSngSB + 0)2 I:ngC;sl _gmlcgslcgs2 (ngdS2 +1)]

gilgnﬂgm?) +a)2gngm3 ;1 an

€q

R

eq

_ 2gds2+ng§s2
ngdS2 + 1

G

eq

(12)

In (12), the effect of feedback resistor is shown by (R, g, +1), which is designed for a

value greater than unity. Decreasing R, by the help of Ry results in an increase in L., The
quality factor and the input impedance of TAI can be obtained from [15]:
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oL_ || -R.C_/L )-0o'L_C,
Q _ q q q q q q (13)
2
R, I+R, G {1+l /R )}
Req +ja)Leq
(14

Zin T 2 .
(1+Rqueq - Lequq)+]a)(Requq +Lqueq)

Clearly, with decreasing R.,;, the quality factor is improved.

Note that in conventional TAI topology, Viy=constant (see Figure 16 (a)). As can be seen from
equations (10), (11), and (13), active resistor has direct effect on increasing L., and R.;.
However, this increase in R.; will degrade the quality factor. To overcome this problem, V,
can be utilized as the extra tuning voltage to control the gs of transistor M2. Thus, the
required inductance and quality factor are achieved by controlling Vi, and V,
simultaneously.

For further enhancement of quality factor and inductance, one can utilize the transistor M5
in parallel with feedback resistance Ry, as shown in Figure 17(b) [18]. This transistor, which
operates in the cut-off region, exhibits a frequency dependent capacitance as shown in
Figure 17(c).

Using a 0.13um CMOS technology, a tunable resistance from 10022 to 1.6 kQ may be
achieved [18] for Viune=1.2V to Viune=0.4V, as illustrated in Figure 17(a).

0.1314380

2000
] 01314375 —| |
1500 Ref
] 0.1314370 —
1000

Cin(pF)

0.1314365 —|

Resistance(ohm)

500
1 0.1314360 —|

07\‘\‘\‘\‘\‘\‘\‘\‘\‘\
04 06 08 10 12 14 16 18 20 22 24

0.1314355

vin freq, GHz

(@) (b) )
Fig. 17. (a) Variation of effective resistance versus tuning voltages (b) Proposed active
resistance with parallel MOSFET (c) Variation of capacitance in proposed active resistance
versus frequency.

The values of each component of equivalent circuit model are expressed below (Cp is
equivalent capacitance of M5):

2
_ 2a)CpReﬁgd92(Reﬁgds2 + 1)_ Reffa)cp (ReffgdsZ + 2gds2)

2 2 2
(R, g, +1f +@*C,’R,,

C, =C

eq gs3

(15)
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25 2 2
_ 20)2Cp Reﬂ 8un T (ReﬂgdSZ + IXReﬁgdsz + 2gds2)
e 2 2 2
/ (R, 4> +1f +@*C,’R,,

2
gmlcpcgiseff Bds2 g 1+ M
1+0°C, Ry M 140 Ry
17)

Bm18ds28ds3 T ('02 l:ngCgsl2 + (CgslchZ)

Req = 2 2 2
8m1 8m28m3s T O ngngCgsl
C. R’
2 8m1 pteff 8ds2 Reffgdsz
Bm18m2Cge1 + 0 (CyurCy +8m1Cga | 1+
16m2™gsl ( gsl g 2) 1+®2Cp2Reff2 1 gsl 1+0‘)2Cp2Reff2
L, = (18)

eq 2

gmlznggm?) + O‘)ngng3Cgsl

In order to have Leq greater and Req smaller than other conventional inductors, the following
relations should be satisfied.

C, > —;2‘?2 (19)
gsl
C SlgdS2
C,> ga)—z (20)

1.7.5 Varactors

Varactors are essential elements of voltage-controlled oscillators (VCOs). The key figures of
merit for varactors are tunability (Cmax/Cmin), CV linearity for VCO gain variation, quality
factor Q, tolerance, and capacitance density [8].

In general, two types of varactors have been developed for the RE CMOS processes, MOS
accumulation mode capacitor (MOS varactor) and CMOS diode.

CMOS diode varactors are basically reverse-biased p-n junctions which can be implemented
using the available p+/n-diffusions and n- or p-wells [4]. These varactors exhibit tunability
of about 1.7:1 over a 3-V range, and can be used where fine tuning of capacitance is
required. Also, they provide better linearity than MOS varactors.

The MOS varactor can be realized with an n-channel MOSFET fabricated in an n-well. Its
main advantage is the high intrinsic Cimax/Cmin that is much higher than that of p-n junction
varactors. This provides an excellent tunability over a wide frequency range and
sufficiently high Q factor. The performance of this varactor improves with technology
scaling.

Also, a hyper-abrupt (HA) junction varactor has been reported in the literature with a nearly
linear C-V tuning ratio of 3.1 and a Q exceeding 100 at 2 GHz [8].
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It should be mentioned that amplitude variations in wideband VCOs may reduce the varactor’s
capacitive range (Cmax/ Cmin) and the associated reduction in the overall tuning sensitivity [7].

1.7.6 Transistors

The optimum layout design and biasing of transistors for a voltage-controlled oscillator
(VCO) is very essential, since the purity of its output spectral signal is extremely sensitive to
device noise. With the reduction in supply voltage, which scales with the transistor features
in CMOS technologies, this becomes challenging because of the inherent device noise
increase. The appropriate condition for oscillation, for the minimum expected bias current
with a reasonable safety margin under worst-case conditions, is set by proper transistor
sizing. Moreover, biasing of the transistors, which is anticipated to put an oscillator on the
verge of the current-limited and voltage-limited regimes, is critical to achieving the best
possible performance.

1.7.6.1 Biasing

Once a MOSFET is biased near characteristic current density [20], e.g. around 0.15mA/um
for n-type transistor, the transistor exhibits a minimum noise figure NFu. Interestingly,
this property remains invariant over technology nodes, foundries, MOSFET cascodes, as
well as the type of transistor. Therefore, it is reasonably expected that circuit topologies
realized with combinations of n-type and p-type MOSFETs will behave similarly.

In low noise amplifier (LNA) design, it is often attractive to bias the transistor below the
characteristic current density (e.g. about 50% [21]) due to negligible influence on its noise
performance and in favorite of reducing the power consumption. It should be noted that in
general, the circuit topology in LNA majorly impacts its total noise performance. In other
words, when the device NF is minimized, the total noise of the amplifier may not be at the
lowest level since the NF concept of device is not necessarily the appropriate indicator for
optimizing LNA noise performance. In particular, when NF <3dB, the noise in the circuit is
dominated by the thermal noise of the driving source, and reducing the noise of the device
cannot have a significant impact on NF. In fact, for optimizing the noise performance in this
case, the total noise level and/or signal-noise ratio are more useful.

In VCO, the mechanism of noise to phase noise conversion is very complicated. Since the
phase noise is inversely proportional to the power dissipated in the resistive part of the
resonant LC tank, the (tail) current through the VCO is set large enough to maximize the
voltage swing at the tank. As long as the tail current is below this current level, VCO
operates in the current-limited regime. Raising the tail current will cause the VCO to enter in
the voltage-limited regime. In this case, further increase of the tail current will increase the
phase noise. Based on the author’s experience, in the current-limited regime the best phase
noise performance is achieved by biasing far below the characteristic current density (e.g.,
30% to 50% of this current).

1.7.6.2 Finger Layout
Given the geometry of CMOS devices in oscillator, a multifinger gate structure is the most
popular approach to adopt in the layout design. The different gate layout splits induce

www.intechopen.com



Ultra wideband oscillators 177

different parasitic resistance, and the lower noise characteristics result in a lower VCO phase
noise performance. When two devices share the same gate length, total gate width, and
process, the flicker noise should be similar based on the intrinsic device operation. However,
as shown in [22] the parasitic resistances will also contribute to flicker noise.

Thus, reducing the gate width and increasing the finger number in the design of gate
configuration can enhance the device noise performance, as long as the gate resistance is
decreased [22]. Once the layout structure is determined, the number of contact on the gate is
also important. Beside, the design of double-sided gate contacts (two contact holes in both
ends of the gate finger) can be utilized to further decrease the resistance.

1.7.6.3 Number of Contacts

Generally speaking, at the expense of increased parasitic capacitance, the more the gate
contacts are added, the lower will be the gate resistance. The gate resistances for single-
sided and double-sided contacts are given by Equations 21 and 22, respectively [9].

R R W
Con 4 530 /W, + =

NCON
R = 3]
Ny
R R W,
Nogy + 1 Wor + 3
R¢ = (22)

2N,

where, Rcon is the contact resistance, Ncon the number of contacts per gate finger, Ryq the
gate poly sheet resistance per square, Wex: the gate extension beyond the active region, W;
the finger width, Nt the number of gate fingers connected in parallel, and Ipnys the physical
gate length. As a rule of thumb, for the technologies between 180 to 90nm, the optimum
finger width appears to be from 1-2pm.

1.7.6.4 Experimental Tests

The 2um x 36 fingers and 8um x 9 fingers transistors have been used as a MOS varactor
individually in the design of a VCO circuit [22] in a 0.13um CMOS technology. In both VCO
circuits, the rest of the MOS transistors use the same 2um x 36 fingers gate layout, in order
to provide the best noise performance.

The VCO phase noise at 100 kHz offset is as low as -97 and -91 dBc/Hz of 2um %36 fingers and
8um x9 fingers varactors at 5.2 GHz, respectively, where the dc current is 5 mA at a 1.5-V
supply. At IMHz offset, the respective phase noise is -115 dBc/Hz and -111 dBc//Hz. Thus, the
VCO performance is extremely sensitive to device layout. That is because the contribution to
the overall noise of the resistance of the gate in an MOSFET is highly layout dependent.

Note that the current density is 0.069mA /pm which is used for the best performance of the
VCO [22]. This once again indicates that the transistor biasing in VCO is significantly below
characteristic current density.
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1.8 Design Considerations for Wideband LC-VCOs

In narrow-band applications, the resonator of the VCO is usually optimized to achieve a
maximum Q at the desired operation frequency. This is possible within a limited tuning
range, since the transconductance cell can be optimized for a given oscillation amplitude
and power dissipation.

In a wide-band design, however, this is not straightforward due to performance variations
over the frequency range, e.g. the VCO loop gain, the oscillation amplitude, and the phase
noise vary considerably from the low-side to the high-side of the tuning range. In this
section, the main design challenges and differences between wide-band and narrow-band
VCOs are discussed.

1.8.1 Fundamental Start-Up Constraint
In an LC-VCO, the equivalent parallel tank impedance at resonance Rr is a strong function
of the oscillation frequency wpand inductance L, and is given by [4]:

_ (w,L)?

Rr(w,) = Qr.w,. L = (23)

Ts

where, the overall tank quality factor Qr is assumed to be dominated by inductor losses
characterized here by the physical series resistance rs of the coil, which eventually becomes a
function of frequency due to skin/proximity effects and substrate eddy current induced
losses. The above equation is valid as long as the capacitive elements of the tank have a
significantly higher Q than the inductor, which may not hold true at very high frequencies.
In any oscillator, the most fundamental design criterion consists of satisfying start-up
conditions. In tunable LC oscillators, these conditions are themselves a function of frequency
[5]. For the generic LC oscillator shown in Figure 18, such conditions are satisfied if the pair
of complex conjugate poles of the small-signal (initial) loop-gain transfer function lie in the
RHP, which occurs when the magnitude of the loop-gain is greater than unity
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Fig. 18. Generic LC oscillator.
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Equation (24) indicates a fundamental lower limit on the current consumption for a given
transconductor and LC tank configuration. In practice, the small-signal transconductance gr, is set
to a value that guarantees startup with a reasonable safety margin under worst-case conditions,
i.e. at the low-end of the desired frequency range. Thus, wideband VCOs using transconductors
fixed at a predetermined critical value feature significant excess of gn in the upper portion of
their frequency range. Raising gm above this level generally contributes more noise.

1.8.2 Impact of Oscillation Amplitude Variations

As bias current is increased, the VCO’s output voltage amplitude also keeps rising.
However, the drain cannot exceed the power supply voltage by more than about 0.6 volts
before the drain-well diode is turned on, resulting in clipping of the output voltage. As a
result, bias current is usually limited by the process.

For the widely used differential cross-coupled LC oscillator shown in Figure 19, two such
regimes can be identified [6]. In the current-limited regime, the current Ig from the tail
current source is periodically commutated between the left and right sides of the tank.

Thus, the resulting fundamental amplitude is directly proportional to Is and Rr, whereas higher
harmonics of the commutated current are attenuated by the bandpass profile of the LC tank.

-

—2C 20 +—13 —

LR
212

n Re

@ Iy

Fig. 19. Differential cross-coupled LC oscillator.

As I is increased from its minimum value, satisfying start-up conditions, the tank
amplitude increases linearly. Eventually, the amplitude saturates by the available headroom
from the supply voltage. These two regimes are illustrated in Figure 20(a) [7]. Operating an
oscillator in the voltage limited regime is generally undesirable because raising the current
will not cause the swing to grow any more, increasing the phase noise [6].

In wideband VCOs, large changes in Rt with frequency can also cause a transition from the
current-limited to the voltage-limited regime as frequency increases. Thus, Iy should be
reduced as frequency increases in order to prevent such a transition from occurring,
otherwise power is wasted.
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Fig. 20. (a) Steady-state oscillator amplitude versus I trend and (b) phase noise versus I
trend, indicating current- and voltage-limited regimes [7].

1.9 Phase Noise in Wideband Oscillators

To illustrate the impact of oscillation amplitude variations on phase noise, we consider the
simplified case of a generic linear time-invariant LC oscillator with an equivalent noise
generator i, across its tank, as shown in Figure 18. Solving for the noise to signal power ratio
gives [7]:

py ~ 1 B (&)Zoc(n-gm+1/RT) R% (&)2
Aw V.2 Q2 \Aw

Ve* 4Q7
where, (n.gm+1/Rr) has been substituted, implying that noise generators from the energy-
restoring transconductor and from the tank loss dominate, as is often the case. V, is the tank
amplitude and Ao is the frequency offset from the carrier. n is an excess noise factor, which
appears to be 2/3 for long-channel devices.
In the current limited regime, (25) can be rewritten as follows [7]:

(25)

PN

(77-gm + 1/RT) 1 ((‘)0)2
(0.4 . .
I Q2 \Aw

For narrowband designs, Rt does not vary appreciably over the tuning range and the phase
noise shows a 1/(Qr’L) dependence. Clearly, there is a direct relationship between bias
current and phase noise, which provides the designer with a convenient way to trade power
for noise performance.

(26)

In the voltage-limited regime, (25) can be rewritten as follows:

PN

.gm + 1/R; 2
oc(ngm /T).(wo) @7

V2.0 Aw
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where R1<Rr due to the excessive signal amplitude bringing the transconductor into its resistive
region, which degrades the overall tank quality factor Qr. In a narrowband design where the
voltage-limited regime is reached by increasing Ip, (27) indicates that the phase noise must
degrade since the amplitude saturates to Vimax while the transconductor noise keeps rising.

Figure 20(b) shows a typical scenario of PN versus Ig. The boundary between the two regimes
of operation represents the optimum point for achieving lowest phase noise. Increasing Is
beyond this point degrades the performance in terms of both phase noise and power.

While the above observations yield important insights for narrowband designs, frequency
dependences must be taken into account in order to assess similar characteristics for wideband
VCOs. Here, we restrict the analysis to the current-limited regime since it is the preferred
region of operation. Again starting from (25), a phase noise expression highlighting its
frequency dependence is derived assuming a fixed current Ig and V, oc I . Rr.

PN o P ] ( L )2
(Wo) % | 7. Gm w02l \T (28)

Equation (28) reveals that the phase noise tends to improve as frequency increases. Even in
cases where rs grows linearly with frequency, Eq. (28) shows that phase noise is relatively
constant with frequency. The reason why phase noise does not degrade with its classical m,2
dependence is that the tank amplitude in this particular topology basically grows with 2.

However, (28) only applies in the current-limited regime. Wideband designs operated with
fixed Iy experience significant amplitude growth as frequency increases, which eventually
brings the VCO into the voltage-limited regime where phase noise will degrade.
Furthermore, the optimal point for lowest phase noise indicated in Figure 20(b) cannot be
held across frequency.
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Fig. 21. Periodic-steady state simulation of varactor capacitance versus Vime for two
different tank amplitudes [7].
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Amplitude variations in wideband VCOs cause several additional second order effects. One
such effect is the reduction of the varactor’s capacitive range and the associated reduction in
the overall tuning sensitivity. Figure 21 shows a typical MOS varactor - curve for different
values of oscillation amplitude.

Amplitude variations in wideband VCOs cause variations in the phase noise performance
over frequency. Thus, providing a way to control the dependence of oscillation amplitude
on frequency is highly desirable.

1.10 Wideband Oscillators

Wide tuning range in the VCO can be obtained by employing a parallel combination of
switched binary weighted capacitors and a MOS varactor. However, the VCO loop gain
varies considerably over the wide tuning range. Also, the sensitivity of the Q of inductors to
operation frequency and varactor nonlinearities and its Q variations cause significant
deterioration in phase noise and amplitude variations. These issues complicates the design
of wideband ( or ultra wideband) VCOs. The objectives of the following sections are to
address these issues and provide some guidelines for (ultra) wideband VCO design.

1.10.1 Wideband Tuning

Narrow band LC-VCOs have been implemented with optimized performance in the past,
since the negative transconductor (gm) cell can be well designed for a given Q, phase noise,
and power consumption. This is due to the fact that in narrow-band VCO the tank Q
remains approximately constant over the tuning range. However, the design of (Ultra)
Wideband VCOs, e.g. operating between 3-6GHz, is complicated as the equivalent tank
impedance at resonance changes considerably along the tuning range. The variations in Q
change the output amplitude, as well as the gn of the transconductor cell, and hence the
startup safety margin may not be sufficient over the entire frequency range. Additionally,
due to the absence of high and flat Q inductors, the phase noise increases with frequency.

This section gives an overview of various tuning techniques along with the implemented
tuning range reported in the literature. Then, it discusses the techniques and issues
associated with the design of Ultra Wideband VCOs. Finally, the techniques for phase noise
reduction are presented.

1.10.1.1 Tuning with Wieghted Array capacitors

Because the oscillation frequency in an LC-VCO is determined by the tank’s resonant
frequency, wo = 1/VLC, the tank capacitance may be tuned to adjust the frequency of
oscillation. This may be achieved by connecting some combination of MOS capacitors,
selected by RF-switches from a weighted array, across a fixed inductor. Each capacitor may
be tuned continuously with an analog voltage, and together the array defines the desired
piecewise voltage-to-frequency characteristic [23]. In order not to degrade the capacitor Q,
the switch must be designed large enough. Consequently, the parasitics associated with the
switch may now load the capacitor array when the switch is OFF. This limits the possible
tuning frequency.
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To alleviate the above problem, the RF switch may be designed using an array of doughnut-
shaped sub-FETs, whose gate encloses the drain junction [23]. With this layout, the drain
junction capacitance is 20% lower than in a conventional interdigitated FET. The measured
tuning range with this array of switched capacitors [23] appears to be 1.34 GHz +6%. Also, the
phase noise remains almost invariant when the RF switch is fully ON or OFF, indicating that
the switch resistance does not degrade resonator Q. However, during the switch transition
time, the capacitor Q is severely reduced and the phase noise is degraded by 12 dB.

1.10.1.2 Tuning with Inversion mode MOS Varactor

Accumulation MOS (AMOS) varactors cannot achieve their physical maximum and
minimum capacitance when the tuning voltage is lower than 1V. For this reason, inversion
mode MOS (IMOS) varactors, which provide abrupt gradient of capacitance-voltage curve,
can be used for VCO tuning with a low supply voltage [24]. In order to improve the tuning
capability further, each IMOS varactor may employ a large resistance in its bulk, isolating
the gate to bulk parasitic capacitance of IMOS from the VCO output port. This varactor
provides approximately 25% improvement in Cmax/ Cmin ratio.

DS (Drain and Source)

\_parasitic

{ »-—Hr VWA = Vhias

Gl:
(Gate) (b)
Cpamsitic

Rs =10k ohm I {

G Ren/12
T |
Vbias | {_
CGX

(a) (c)
Fig. 22. (a) Circuit schematic of an IMOS varactor with a large bulk resistor Rs (b) The
equivalent model in depletion mode (c) The equivalent model in inversion mode [24].

Figure 22 shows the circuit schematic and equivalent models of the IMOS varactors used in
the VCO design [24]. In this figure, a large poly resistance Rs (e.g.10kQ) connects the bulk of
the NMOS and the ac ground terminal V. When the terminal DS in Figure 22(a) is biased
at the positive end voltage, the IMOS is operated in the depletion mode and Figure 22(b)
shows the equivalent model. The value of Cparasitic is dominated by the gate-source and gate-
drain overlap capacitance; Cox is the gate-oxide capacitance and Cgep is the depletion
capacitance.

However, if the bulk is connected directly to the ac ground, Cuin will become (Cpgrasitic +

Cox || Caep)- Thus, Cmin can be decreased by (C,y || Caep) by using a large resistance R in
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Figure 22(a). When DS is biased at the negative end, a sheet of electrons accumulates at the
surface of the channel and the IMOS is operated in the inversion mode. Figure 22(c) shows
the equivalent model. Ry, is the channel resistance.

| —L

@B Tdae

Fig. 23. VCO schematic [24]

The new modified IMOS varactor is utilized in the differential VCO architecture, shown in
Figure 23. The simulation results [24] using a 0.18um CMOS technology show that the
effective minimal capacitance (Cnin) is reduced from 775 to 590 fF and the frequency tuning
range increases by 500MHz. When the supply voltage is 0.8V, the tuning range of the VCO
is from 4.4 to 5.9GHz and the phase noise is -109.65dBc/Hz at IMHz offset from the carrier
at 5.52GHz. The VCO core dissipates 1.2mW of power.

When the supply voltage is reduced to 0.6V, the VCO core consumes only 0.9mW. The
tuning range is from 4.7 to 5.9GHz and the phase noise is -105.24dBc/Hz at at the same offset
from the carrier.

1.10.1.3 Tuning with Weighted Binary Array

Tuning can be achieved by employing AMOS varactors and a high-Q inductor with a
perfectly symmetrical single copper loop [25]. Using an LC cross-coupled differential
topology with both PMOS and NMOS latches, fabricated in a 0.13 pm SOI CMOS process,
this provides a multi-GHz (3.0-5.6 GHz) wideband VCO. The schematic of the VCO is
shown in Figure 24. At a 1 V supply and 1MHz offset, the phase noise is close to -120
dBc/Hz at 3.0 GHz, and -114.5 dBc/Hz at 5.6GHz. The results illustrates that the up-
converted flicker noise is reduced in this VCO structure.
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Fig. 24. Schematic of the Band-Switching L-C VCO [25]

1.10.1.4 Tuning with Accumulation-mode MOS Varactors

A very wideband LC-VCO in [7], implemented in 0.18um bulk CMOS, has been described
that simultaneously achieves low phase noise and 1.3GHz tuning range around 1.8GHz
center frequency. To provide robust operation and stabilize performance over the entire
frequency range, the VCO amplitude is controlled using a digital amplitude calibration
scheme that does not degrade phase noise and consumes negligible area and power. The
proposed calibration-based amplitude control scheme is illustrated in Figure 25.

VCO Core Power_down  Power_down
Power_down
~ v
V+
= Peak Digital |
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I:IPqu v, V_ Machine [
(off-chip) [~
Comparator $ I )
NE— [}
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T )Y |<} ----------------- frmmmmmeen e -

Fig. 25. Proposed calibration-based amplitude control scheme [7].
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The VCO core is based on a standard LC-tuned cross-coupled NMOS topology. The LC tank
consists of a single integrated differential spiral inductor, accumulation-mode MOS
varactors allowing continuous frequency tuning, and a switched capacitor array providing
coarse tuning steps. Figure 26 shows a simplified schematic of the VCO core.

The W/L of the cross-coupled NMOS devices is chosen based on oscillation startup
requirements at the low-end (worst-case) of the tuning range.
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Fig. 26. Simplified VCO core schematic [7].

In order to achieve a large frequency range, the LC tank combines a switched capacitor array
with a small varactor. The targeted frequency range is split into 16 sub-bands by means of a
4-bit binary-weighted array of switched MIM capacitors. The capacitors are switched in and
out of the tank by differential switches.

Suppose a generic binary-weighted band-switching LC tank configuration of size n, as
shown in Figure 27. Assume that:

C
By = — (29a)
Cv,mln
C
B, = - a4 (29h)
aoff
Ctotal
By = Cop“ (29¢)
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where, Cy,in is the minimum varactor capacitance for the available tuning voltage range and
is reached as the device enters its depletion mode. C, o represents the effective capacitance
of a unit branch of the array in the off state. The MOS switch in a unit branch of the array
contributes a parasitic capacitance Cq4 that is mainly composed of its drain-to-bulk junction
and drain-to-gate overlap capacitors, giving £,=1+C,/Ca.

C, is the total lumped parasitic capacitance and Cy equals the total tank capacitance.
Hence, (29c) may be equivalently expressed as Bp=1/(®o,min 2.L.Cp). Furthermore, note that
according to equations (29a-c), increasing any one of the defined terms increases the
achievable tuning range.

Co== . 1C L 111“'1](}L
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Fig. 27. Generic binary-weighted band-switching LC tank configuration [7].

For a given set of specifications, the tuning range extremities are defined as follows [21]:

Womin = [L-(C, + (2" = 1).C, + Cp] /2 (30a)
C, . C, -1/2
Womax = |L. (5 + 2" = 1).—+ CP] (30b)
v a

To guarantee that any two adjacent sub-bands overlap, the following condition must be
satisfied:

AC, = AC, (31)
where AC, = C, — C, jin and AC, = C, — Cq o5 Using (29a) and (29b), (31) can be written as
-1

¢, = k.cp v Yoo D

,Ba (:817 - 1)

where k is a chosen overlap safety margin factor and is greater than unity. Equation (32) can
be substituted in (30a) to solve for C;independently of C,, giving

(32)
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C, = (L' (‘)g,min)_1 T CP

= — (33)
kBe Ba=1) | gn 4

a.(ﬁv_l)

Thus, having chosen parameters £, n, and L, and given design constants ®omin, k, and £,
one can solve for C, and C, [using (32)]. Taking the ratio of (30b) and (30a) yields the tuning
range

Wo,max

TR = —— (34)

wo,min

To account for the impact of lossy switches, we note that the quality factor of the capacitor
array is well approximated as Q.=(a@v.Ron.Cs), where Ry, is the resistance of the unit MOS
switch. Given that £,=1+C,/Cy, the resulting quality factor of the capacitor array is given by

1
Wo-Ron-Ca-(Ba—1)

Qo = (35)
Note that since the MOS switch would generally use the minimum available gate length and
Caoc W, the product is approximately constant for a given technology. Figure 28(a) shows
values of TR and Q, from (34) and (35) plotted versus f, for a typical scenario, and clearly
illustrates the direct trade-off between tuning range and Q..

3
3 n=4,5=20 200 n=4, =20
R,,Cy= 0.3 ps/rad, k=1.1 R..C;=10.3 ps/rad, k=1.1
TR - B,=2.75, ,= 2.4 GHz 0, TR [\ B.=2.75 w,=2.4GHz
TR
2 : -1 100 2t
T
1 1 i :
2 4 6 8 10 0 50 100 150 200
! 0,
(a) (b)

Fig. 28. (a) Tuning range and capacitor array quality factor versus B, (b) Tuning range versus

Q. [7].

Each switch contributes additional loss to the tank due to its finite resistance, Ron. Thus,
minimum-length NMOS devices are utilized and made as wide as possible before the
resulting parasitic drain-to-bulk capacitance limits the achievable tuning range.

Because the desired tuning range has been divided into several sections, a small
accumulation-mode NMOS varactor is sufficient to cover each frequency sub- band.

www.intechopen.com



Ultra wideband oscillators 189

The tank inductor was realized as a 5.6-nH differential spiral on a 2- um-thick top metal
layer achieving a measured (single-ended) Q ranging from about 7.5 to 9 over the VCO
frequency range [7].

Figure 29 shows the measured and simulated phase noise at the lower, middle, and upper
ends of the tuning range running at a core power consumption of 10, 4.8, and 2.6 mW,
respectively. The measured frequency range is 1.14-2.46 GHz.
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Figu. 29. Phase noise at 1.2, 1.8, and 2.4 GHz for a core power consumption of 10, 4.8, and 2.6
mW, respectively [7].

1.10.1.5 Tuning with Switched-Capacitor Array and Varactors

Weighted array capcitors may also be used for wideband frequency tuning [3]. Although
PMOS transistor requires higher current to provide the same transconductance (gn) as NMOS
transistor, PMOS differential pair is used to achive a better phase noise (see Figure 30).

This design uses a switched-capacitor array and varactor together to form the capacitive
portion of the tank. As illustrated in Figure 31, the tank capacitance is formed by a varactor
diode capacitance that varies from Cy, min to Cy,max, a capacitor array that varies from C,, min to
Camax, and a parasitic capacitance Cp. In essence, this structure provides coarse tuning via
the capacitor array and fine tuning via the varactor.
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(u;mm - Cu;mm‘ S “amm Ccmm 72_2 Cp -

Fig. 31. Tank capacitances [3].

To determine how to size the capacitors, switches, and varactor, one can start with the
desired continuous tuning range, fmin to fmax and inductance range, Limin to Liax. The widest
range of total tank capacitance needed to tune from fuin to fmax corresponds to the lowest
inductance value Lpyjn. The minimum and maximum capacitance values that define this

range are given by:
Lmin _ —
Ct,mli?l (N [(271'. fmax)z- Lmin] ! (36)

Cﬁ%la'} = [(277:- fmin)z- Lmin]_1 (37)

The general binary weighted capacitor array is shown in Figure 32, where C,,, represents
the capacitance of a metal-metal capacitor and Cu represents parasitic drain capacitance. To
maintain a constant Q for each switch/capacitor pair when the switches are on, as each
capacitor size doubles, the channel on-resistance must halve. Therefore, the NMOS switch
widths are also binary-weighted (since channel resistance is inversely proportional to
channel width), and consequentially, the parasitic drain capacitances associated with each
switch are binary-weighted too.
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Fig. 32. General binary-weighted capacitor array [3].

Using the above topology, a 2-GHz VCO has been implemented and simulated in a 0.18-um
CMOS process with 1.8V power supply. The resulting tuning range is 1.848 to 2.044 GHz.

1.10.1.6 Tuning with Switched oscillators

In this technique, one of an array of independent oscillators may be selected with a MOSFET
switch connected to a common-mode point outside the oscillator loop [23] (Figure 33). The
inductors which tune each oscillator are sized differently. The outputs combine in buffer
FETs with a common drain, one of which is turned ON by the selected oscillator. These
FETs are of small size so as not to excessively load the resonant circuit in the oscillator core.
A larger buffer follows to provide adequate drive to the subsequent circuits. Each oscillator
is continuously tuned by a MOS varactor.

With this method, either an array of weighted capacitors may be switched in parallel with a
single oscillator core, or one of an array of multiple oscillator cores may be selected, each
tuned by inductors of various sizes.

s

| 8.7 nH

] 10.4 nH
r 11.8nH 7nH
m 13.1nH 7nH
100 pm
¥
640 pm | 640 pm ! :

+15X1pm 40um
Ve Ve

Fig. 33. Switched array of oscillators, with a combined output [23]
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Using the above switched tuning methods, RF CMOS oscillators are shown to obtain a wide
tuning characteristic, e.g. a frequency range from 1.4 to 1.85GHz with the required overlaps
between the switched segments [23].

1.10.1.7 Tuning with Switched Resonator

The switched resonator concept, illustrated in Figure 34, can be utilized to increase the
tuning range and to achieve low phase noise over the tuning range at reasonable power
consumption [26]. The LC tanks include MOS varactors, inductors, and variable resonator
transistors M3 and M4.

In this figure, the inductance seen between ports 1 and 2 is changed by turning M3 on and
off. When the transistor is off, the inductance is approximately the sum of L1 and L2. The
actual combined inductance is somehow lower due to the effects of Cgp in series with Cgs,
and Cpp of M1. These capacitances also affect the capacitance seen from L side (Cpy).

When M3 is on, L, is shunted out and the inductance is decreased. Furthermore, when M3 is
on, Cp1 is reduced because the transistor capacitances and the capacitances associated with
L: (partially) and L, are shunted to ground by the low on-resistance of M3, thus, leading to
simultaneous decreases of inductance and capacitance.

This ability to simultaneously tune L and C provides greater flexibility to trade-off phase
noise and power consumption, as well as to achieve given phase noise performance over a
larger frequency range compared to using only switched capacitors. In fact the resonators
are used for band selection, while varctors provide the tuning within bands. This concept
has been implemented for frequencies from 667 to 1156 MHz. The phase noise at a 600 kHz
offset versus oscillation frequency is about -123 dBc/Hz.

4 VDD

N“M "

M6 || Varactors il*—Jn [M’/’
Cl C2

SILIN, L2
LS‘ % \ anc g Lé‘ out-

switched -1 IVCU
resonator | I\3 % § L4
Vbias ™ [MS

+ GND
Fig. 34. VCO schematic including switchable L-C resonators [26].
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1.10.1.8 Tuning with Variable Inductor

The variable inductor consists of a conventional planar spiral inductor, above which a metal
plate is placed such that it can be moved vertically using a MEMS parallel-plate actuator
[27]. By generating DC bias between the stationary electrode and the movable electrode (the
metal Plate), the metal plate is moved vertically, resulting in the variation of inductance. The
bias voltage can control the inductance continuously.

Using the above variable inductor in a LC-VCO (see Fig. 34), fabricated using a 0.35um
CMOS technology, it can be tuned for different frequency ranges [27], e.g. entire tuning is
from 2.14GHz to 3.13GHz. The inductance is changed from 3.87nH to 5.98nH, while the
respective quality factor changes from 2.98 to 3.87. The typical phase noise at IMHz offset is
-112dBc/Hz, which remains almost constant for the entire tuning range.

Fig. 35. Schematic of LCVCO [27]

1.11 Phase Noise Improvement Techniques

As explained above, LC-VCO are often designed with sufficiently high phase noise
performance. To achieve this, utilizing low-flicker-noise active devices and high-Q
resonators are the most commonly techniques. However, with increasing frequnecy tuning
range, due to variation in quality factor and ampltitude of oscillation the perfomance may
not maintain. In Section 1.7.6 we discussed the techniques of transistor layout design and its
biasing to minimize the device noises,which can lead to the design of a high perfomrnace
wide tunig VCO. This section presents two simple methods [28, 29] for phase noise
reduction which can be incorporated in UWB VCO design.

1.11.1 Harmonic Tuning

Harmonic tuning technique can reduce the phase noise in LC-VCOs [28]. In this technique
the output waveform zero crossing points become steeper. As a result, the phase noise is
reduced due to increase of the voltage on the resonator.

This is explained using leeson equation for phase noise as follows [28].
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8yRI; 8

+ V_gmbiasR (38)

F=2+
V, 9

where, It is bias current, y denotes the channel noise coefficient of the FET, and Vj is the
resonator voltage. Clearly, with increasing Vo due to harmonic tuning, F is reduced. In
addition, in this technique the Si; parameter is shorted at second harmonic, which improves
the phase noise further. Figure 36 illustrates the schematic of the VCO before and after
phase noise improvement.

- Vdd -~ Vdd

L

e
1
‘r—l ot i < Harmonic §

o Vcnt tUI‘IEd
tank

Filtering inductor for
High impedance at 2f,

(a) (b)
Fig. 36. Schematic of VCO (a) before (b) after phase noise reduction

As can be seen in Figure 36 (b), two series resonators are utilized in addition to main
resonator.These resonators are designed such that they are open in fundamental and third
harmoics frequencies, while they are shorted at second harmonics. Thus, the output signal
attains a rectangle shape instead of a sine wave.This in turn reduces the phase noise due to
abrupt switching.

Noise fitering is also exploited in [28]. In top-biased differential oscilators, direct connection
of NMOS pair to ground forces one of them to enter the triode region when they turn off.
This reduces the quality factor in general . Using LC pair with oscilation frquency at second
harmonic gives a high impedance at this harmoic and removes the loading effect of
oscillator in triode. This technique may improve the phase noise by 10dB [28].

1.11.2 Feedback method

An alternative technique for noise suppression is given in [29], in which a frequency to
current converter (FCC) extracts the noise properties of VCO output signal. This extracted
current then passes through an integrator, which converts it to a voltage carrying important
noise and frequency properties. This voltage will enter a low pass filter and fed back as an
input voltage to the oscillator.
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Fig. 37. Schematic of phase noise reduction with feedback [29]

The system in Figure 37 can be interpreted as current controlled oscillator (CCO), which
exhibits better noise compared to its initial state. The output capacitance of FCC is charged
to VCC in each period and then discharged to Vyi.s. Therefore, the current source in FCC
represents the phase noise characteristics of VCO output signal. The difference between this
current with L is integrated. The output voltage is proportional to signal phase noise. The
filter suppresses the high frequency component. This technique can give rise to 10dB phase
noise improvement [29].

1.12 Design of Ultra Wideband Oscillators

Design of Ultra wideband (UWB) VCOs demands extending the tunability bandwidth to
multi-gigahertz range (i.e. in the range of 3 to 10GHz). A method to achieve this is based on
tunable active inductors (TAI) despite their noise and nonlinearity, since they have major
advantages over passive inductors in terms of area, tunability, and higher Q factors.

This section describes the design of UWB CMOS VCO, using the tunable active inductor
(TAI) presented in section 1.7.4. The transistor sizing, layout issues, and the trade-off
between power and bandwidth are discussed. Also, the robustness of the oscillator
performance under reduced bias voltage, temperature change, and process variations are
examined. Finally, the effect of packaging is investigated.
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1.12.1 TAl-Based VCO

In order to incorporate the one-port TAI, the conventional single-ended Colpitts or Hartley
topology can be chosen (see Figure 1). The former incorporates a single inductance, and
hence replacing it with TAI provides a limited improvement of its tuning range. On the
other hand, Hartley topology can incorporate two TAls, and therefore it provides a wider
tuning range [19, 33]. However, the phase noise degradation due to these TAls is a concern,
which demands a technique of phase noise reduction for this structure. These are discussed
in the following.

1.12.2 TAl-based Colpitts VCO

A TAI-based VCO may be implemented using the Colpitts topology shown in Figure 1(a). In
this implementation, the output has been derived from the drain using a load inductor
(Lioad). This isolates the output port from the resonator and also provides a higher output
power. Note that, higher value of the load inductor also helps in harmonic suppression.

The proposed TAl is illustrated in Figure 38(a), and the TAl-based Colpitts oscillator [30] is
shown in Figure 38(b). The expressions for the undamped oscillation frequency, as well as
the start-up condition for oscillation in terms of the resonator elements and the intrinsic
parameters of the transistor M; are:

R,C,C
(61, + CoC5 + CC) + ()
Wn = RC Ol (39)
C1C2C3L+( 1“1 }%\)dS load)
S
> w%LC'ng — (C1 + C3) + A
Jm C3Rgs
A = 05[L1pqq(€1C, + C;C3 + C3C1) + RR4,C1C,C5
- w%LLloadcchCﬂ >0 (40)

C; has to be chosen large as compared to C; and C; such that it has negligible effect on the
oscillation frequency. From the denominator in (39), it can be observed that Rj<<Rys and
Lioad (denoted by Zjo.q in Figure 38(b)) is of the same order as L;. Thus, Lisg has a negligible
effect on w,. However, the use of Li,ag demands a higher g, for the start -up condition due
to the additional positive term A in (40).

Equation (41) gives the dependence of the phase noise on the loaded Q, noise generated, and
the signal power on the resonator node.

L{Aw} «

NKT(G)O)Z (41)

PQ2 \Aw
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where, N is the noise factor, P is the signal power at the resonator, Q is the loaded quality
factor of the resonator, and Ao is the deviation from the carrier frequency.

From (39), it is evident that Rj<<Rgs, and hence, has a negligible effect on the oscillation
frequency. However, it has a significant effect on the Q of the inductor, as well as the loaded
Q of the resonator, which directly affects the phase-noise performance of the oscillator (see
(41)).

Although the high Q of the active inductor has a positive effect on the phase-noise
performance, the active devices in the inductor generate additional noise that results in a
higher noise factor, which degrades the phase noise.

vDD
Vbiasp
L
-—2
Vcascode = Cin
Cs
d——1 Vbiasn L
|— ble!
(Tunable: c
T Active 2
GND Inductor) ™. |

(@)
Fig. 38. Circuit schematic of the TAl-based Colpitts VCO [30]

With the above TAl-based VCO implemented in a 0.18um standard CMOS technology, a
frequency range of 500 MHz - 2.0 GHz is achieved [30].The total circuit consumes 13.8 mW
of power from a 1.8-V supply. The phase noise varies from -78 to -90 dBc/Hz at 1-MHz offset
from the carrier over the tuning range.

In general, phase noise decreases with oscillation frequency. One possible reason for this
might be that a lower resistance is required in the active inductor to generate lower
inductance, resulting in higher oscillation frequencies.

Moreover, from the trend of the phase-noise variation, it can be found that the noise floor is
reached very early, which results in the flat characteristics of the phase noise at offsets
higher than 1 MHz. Also, for high output power, the phase noise decreases. However, the
variations of the output power and phase noise with the oscillation frequency are not
monotonous.
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1.12.3 TAl-based Hartley UWB-VCO
The basic structure for Hartley oscillator with a common source amplifier and passive
inductors is shown in Figure 39(a). Also, Figure 39(b) illustrates this oscillator using two
grounded active inductors in parallel.
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Fig. 39. a) Schematic of Harley Oscillator b) Harley oscillator with active inductors

To prevent the drain of the transistor from any external loading effects and also to suppress
the harmonics, the transistor drain can be connected to feedback loop and the supply
voltage through a series capacitance and a passive RF choke (see Fig. 40), respectively. Note
that, the value of L larger than 5nH will sufficiently suppress the harmonics.

vDbD
VDD

GND
Fig. 40. Proposed schematic of UWB VCO

www.intechopen.com



Ultra wideband oscillators 199

Assume the inductances associated with the two TAls are L; and L.. For starting the
oscillation, the gain of the feedback system must equal to unity and the phase shift around

the loop should be zero. Basically, the frequency of operation is ]/ / (L +L)C -
1 2 1

However, in high frequency, the inductance L and the parasitic capacitances of the transistor
M1 should also be counted for.

Thus, the size of M1 has an important role in frequency of oscillation, as well as in phase
noise and power dissipation. The optimum size of the transistor is obtained when its gate-
to-source capacitance (Cgs) is nearly equal to the feedback capacitance [19, 33]. In Fig. 41,
the effect of width (W) of M1 on the phase noise and frequency of oscillation is illustrated,
using a 0.18pm CMOS technology.
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Fig. 41. Frequency and phase noise variation versus width (W) of M1

Obviously, when W increases, the frequency reduction is due to increasing parasitic
capacitance and hence the total capacitance in the LC tank. The optimum W for 4GHz is
achieved for W=38um which gives rise to -88dBc/Hz of phase noise at IMHz offset from the
carrier.

The value of L also impacts the frequency and phase noise. The reduction of L for increasing
the frequency is reasonable as long as it sufficiently suppresses the harmonics. Figure 42
shows the effect of using a relatively small L on output harmonics. Note that with
decreasing the size of M1, the minimum requirement for L is increased because of smaller
capacitance associated with M1.
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Fig. 42. a) spectrum of output signal b) time domain output signal with harmonics

Also, the value of resistance (R) in the gate of M1 affects the amplitude and bandwidth of
oscillation. A typical value of 0.5KQ can provide 1.3V of amplitude.

The capacitances in the feedback loop determine the phase noise and the frequency. Figure
43 shows the effects of C2, C3, and C4 on frequency. Small variations of the capacitors give
rise to limited change in frequency, while the change in phase noise is large.

C4 Yarying

C2 Yarying

Frequency (GHz)

C3 varying

!
0.5 1
(C2;C3;C4 changing (pF)
Fig. 43. The effect of capacitors on frequency

The lowest phase noise is achieved when the capacitors are equal. In this case, the optimum
noise at 3.8GHz is -92dBc/Hz at 1IMHz offset. Based on the results in Figure 41 for transistor
sizing, the feedback capacitance C1 is approximately 10fF, i.e. the same size as Cgs in M1.
The effect of C; as the main capacitor in the feedback has a significant impact on oscillation
frequency and bandwidth. With decreasing C; higher frequency and better phase noise are
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achieved at the cost of decreasing the tuning bandwidth. Figure 44 shows the frequency as a
function of CI1.
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Fig. 44. Frequency as a function of C1.

The tuning of TAI is accomplished by the voltage Viune of the transistor in feedback path (see
Fig. 39), as long as its Vgs<Vt. Thus, the sizing of M1 is an important factor for tuning range.

By increasing the aspect ratio (W/L) of M1, it needs a smaller gate voltage. As a result, the
tuning transistor turns on with smaller voltage values, which in turn reduces the tuning
range. By reducing the aspect ratio of M2, the equivalent capacitance of the active
inductance is reduced, resulting in a better phase noise. Decreasing gqs of M2 decreases the
low-end frequency of the active inductance, and hence provides a wider tuning range.

The ggs of M2 also affects the Q factor, and provides a way of preventing Q degradation.
Thus, the active inductance is tuned using both Ve and Vi,

Taking into account the feedback loop, the gain expression for VCO results in the following
equation:

(CC,LL, )o'-(CL,+C,L,+C,L) 0’ +1=0 42)

Solving (42) for (1), we have:

(CL1+C3L2+C3L)—\/((CL1+C2L2 )P +C2L +2C§LL1-2CCZLL1)
W= (43)
2CC,LL,

www.intechopen.com



202 Ultra Wideband

The accuracy of operating frequency obtained from (43) will be compared to that obtained
from simulation in the following.

Simulation illustrates that the phase noise is minimized when the sizing of transistor M1 is
such that its Cgs is the same as C;. Also, M1 plays a major role in designing the centre
frequency of operation. As the aspect ratio (W/L) of M1 is increased, the central frequency
will decrease, at the cost of higher total power dissipation. The variation of operating
frequency versus Width (W1) of M1 is depicted in Figure 45.
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3.00 ——+—H—+—+——F+—+—+—+—+—+—+—+—+——+—+——+—+—+—+——+—+—

W1(um)
Fig. 45. a) lower frequency variation (b) upper frequency variation

As this figure shows, with decreasing the width of M1 and using the highest Vi, output
amplitude tends to reduce while frequency is increased. When the width is 37um, the
oscillator enters non-oscillation mode, forcing to decrease Vi by 0.1V. Consequently, the
high-side frequency range is lowered. This will also occur for 20pm width.

On the other hand, enlarging M1 increases the power. Figure 46 illustrates the trade-off
between the power and bandwidth.
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Fig. 46. Bandwidth variations with power

Thus, given the bandwidth and power, Figure 45 and Figure 46 can be used for proper
sizing of M1.

Output stage in Figure 40 consists of a source follower amplifier (M10-M11), which in
addition to DC cancellation handles the effects of the next stage. In contrast to M1 sizing,
W/L ratio of the output stage less likely affects the frequency of oscillation. However,
enlarging the size of the output stage improves the phase noise, as shown in Figure 47.
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Fig. 47. Phase noise, amplitude, and Frequency versus (W/L) of output stage
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1.12.3.1 Comparisons

The circuit in Figure 40 is simulated in a 0.18um CMOS technology with a power supply of
1.8V. The complete VCO with the values of its elements is shown in Figure 48. The total
power is 29.1mW, with dc current of 2mA in active inductor and 17mA in the main core of
oscillator. Tuning range of 3.8GHz- 7.4GHz is achieved by varying Vi, from 1V to 2.5V, as
shown in Figure 49. Maximum quality factor of active inductor is acquired at 3.8GHz with
0.55nH inductance. At IMHz frequency offset, phase noise varies from -92.05dBc/Hz to -
70dBc/Hz.
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Fig. 48. The final circuit used for simulation
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Fig. 49. Frequency variation with Ve

Comparison of the accuracy between frequencies computed from (43) and those obtained
from simulation are shown in Figure 50. V4, can be increased until the parallel NMOS in
active resistor switches on. As a result, the active inductor can be tuned from 0.34nH to

0.61nH, as depicted in Figure 51.
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Fig. 50. (a) simulation results (b) frequencies derived from equation (43)
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Fig. 51. Inductance variation with Vtune

1.12.3.2 Phase Noise Results

For phase noise simulation, different trade-offs between circuit elements may be examined
to estimate the best performance. Simulations show that, when C2, C3 and C4 are equal, the
best phase noise performance is achieved. Despite [30], which employs only a single biasing
voltage for active load, separate bias voltage, Vc, can be utilized for active load M11 (see
Figure 40). This will prevent quality factor degradation due to increasing V., and
improves the phase noise about 4dBc/Hz, as shown in Figure 52.
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1.12.3.3 Effect of Bias Voltage Decreasing

The oscillator performance may also be examined by decreasing the supply voltage.
Obviously, this will reduce the amplitude of oscillation. In this case, the phase noise quickly
wraps up to worse quantity. The results of simulation at 4GHz show that reducing Vpp to
1.4V will have negligible effect on phase noise. Nevertheless, further reduction of the supply
voltage will significantly degrade the phase noise, such that for Vpp =1V phase noise is -
82dBc/Hz. Despite this, the frequency range of operation tends to maintain. These are shown
in Figure 53 and Figure 54.
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Fig. 54. Phase noise versus Vdd reduction

1.12.3.4 Effect of Process Variations

Simulation results show 2% and 0.1% change in frequency and phase noise, respectively, for
5% variation in bias voltage. For 10% change in temperature, the phase noise is only
changed by 0.1% while the frequency is approximately constant.

In addition, mobility variation of NMOS model around 5% shows 0.5% and 1% variations in
phase noise and frequency of operation, respectively.

1.12.3.5 Package and Wirebond Modeling

For accurate simulation of the RF circuit, an equivalent model of pad including the bonding
wires is required to be tested [11]. Suppose the QFN package with equivalent model of
Figure 55 is employed [31].

R Chip(pad)
Package g ond, vy n
T Cou

4
Al
]

package g Rpad

Fig. 55. Wirebonding and pad model [31]
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Simulations show that adding the model elements to the circuit reduces the high-end
frequency of the tuning range from 7.4GHz to 7.0GHz, while the phase noise will experience
slight improvement. Other package models [32] were also tested for 3.8GHz. The results are
compared in Table 1.

Package Frequency Equivalent circuit

Phase Noise (dBc¢/Hz)

model (GHz) L(nH) C(pF) R(Q)
SOIC-20 38 91.84 501 071 003
SSOP-20 38 0201 349 042 004

TSSOP-20 38 0218 280 031 005
TV;? P- 3.8 9211 256 3% o4
QFN-20 38 92.25 110 035 0.05

Table 1. comparison between different package models

1.12.3.6 Oscillator Layout

Layout design can be divided into two parts as of passive and active devices. Capacitors and
passive inductor may be designed using different layers of metals [19, 26]. For instance,
passive inductor (L in Figure 48) can be implemented with 4 metal layers, which exhibits a
very low serial resistor. Nevertheless, it introduces a very large parasitic capacitor, forcing
the layout to be changed to one-layer design [19]. Here “L” is designed as square spiral
inductor with layer one metal. Total area occupied for the lumped inductor is 157 L m *157

1L m. Capacitors of C1 to C4 have been designed using metal layers of one to four, using
finger-based architecture [26]. Total area occupied for each capacitor is 20 L m *21 [l m. Poly

silicon resistors are also utilized with narrow layers of poly silicon shaped in a way to form
the desired resistance.

For phase noise reduction and chip size minimization, finger-based layout has been utilized
for transistors. Each gate is divided into number of fingers, which are utilized symmetrically
between cascade transistors. Using this method with poly silicon resistors, the active
inductor layout is designed as shown in Figure 56.

Fig. 56. Active inductor layout
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Symmetric finger-based design typically helps in 10% chip size reduction. Total occupied
die area is 0.22mm? as shown in Figure 57.

100 Jambda

Fig. 57. VCO Circuit layout

1.12.3.7 Phase Noise Reduction

The noise reduction techniques were described in Section 1.11. First, the Noise filtering
technique [28] is employed here. This implies LC resonating networks in the sources of M1
and M11, instead of directly connecting them to ground, as shown in Figure 58.

The frequency of oscillation for LC networks is 2GHz. This helps in turning the NMOS off
rapidly and having a positive impact on the phase noise. Simulation in this case shows
3dBc/Hz improvement in the phase noise, reducing it to -93.7dBc/Hz from -91.01dBc/Hz at
the frequency of 4GHz and the offset of 1-MHz. Although this limits the frequency tuning
range, it can be used as a good technique for noise reduction when narrower frequency
range is required.

As explained above, another technique for noise suppression is given in [29], in which a
frequency to current converter extracts the noise properties of VCO output signal. This
extracted current then passes through an integrator, which will converts it to a voltage
carrying important noise and frequency properties. This voltage will enter a low pass filter
and fed back as an input voltage to the oscillator.
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Fig. 58. Noise filtering technique

Although this method has been tested for ring oscillators [34] and shows a significant
decrease in phase noise, here we obtain only 1dBC/Hz improvement for UWB oscillator.
Characteristics of the proposed VCO and also a number of previously simulated oscillators
are shown in Table 2 and Table 3, respectively. Comparison with similar designs illustrates a
wider tuning range with better noise performance and gain factor for the UWB oscillator
presented in this section.

Technology 0.18 p m CMOS Technology
Power supply 1.8V
Bias current 17.21mA
Di:s(;‘l;v:tlion 2-1pVy
Frequency Range 3.8GHz ~ 7.4GHz
Phase noise -92.05 ~ -75.42 dBc/Hz @1MHz

Table 2. brief characteristics of proposed VCO
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Freq. range Kyco

Year GHz (MHz/V) Process Ref.
2001 4.20~5.05 340 0.25um [35]
2005 2.70 ~ 5.40 1687 0.18um [30]
2005 0.50~2.0 500 0.18um [27]
2005 1.14~2.46 270 0.18um [7]

2005 1.90 ~2.19 116 0.18um [34]
2007 3.80 ~7.40 2400 0.18um [19]

Table 3. comparison with Previously simulated VCOs

1.13 Summary

This chapter has explored the techniques for VCO design with wide tuning range. An
overview of various wideband tuning solutions proposed in the literature and the
associated design challenges have been discussed. Wideband (Ultra Wideband) oscillators
can be realized by carefully designing passive and active devices. The techniques for sizing
and layout design of active and passive elements are discussed to optimize the phase noise
performance of oscillators. The feasibility of CMOS VCO capable of multi-GHz operation
has been demonstrated. The performance of the VCOs highlight the higher tuning ranges
achieved in the case of inductive tuning. The VCO based on inductive tuning, realized by
the tunable active inductor (TAI) using a 0.18um CMOS technology, can provide a tuning
range between 0.5-2.0 GHz and 3.8-7.4GHz using Colpitts and Hartley structures,
respectively. Also, it is shown that with phase noise reduction techniques such as PLL-based
feedback and harmonic tuning, the phase noise can be improved for 1-3dB.
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