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The Effect of Varactor Nonlinearity on the Phase
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Abstract—This work discusses variations in phase noise over Rk Rk

the tuning range of a completely integrated 1.9-GHz differential ~ ________. ,,"\;\‘ ;‘\‘,_ __________ Y
voltage-controlled oscillator (VCO) fabricated in a 0.5¢:m bipolar vere vieve
process with 25-GHz f;. The design had a phase noise 0£103

dBc/Hz at 100 kHz offset at the top of the tuning range, but the loYeYe)
noise performance degraded to—96 dBc/Hz at 100 kHz at the

bottom of the tuning range. It was determined that nonlinearities - o ) =C
of the on-chip varactors, which led to excessively high VCO gain SN @ 5

at the bottom of the tuning range, were primarily responsible for
this degradation in performance. The VCO has a power output

Common-Base

of —5 dBm per side. Calculations predict phase noise with only a .2
small error and provide design insight for minimizing this effect. |2[
The oscillator core drew 6.4 mA and the output buffer circuitry ) AN

drew 6 mA, both from a 3.3-V supply.

. . R . Fig. 1. Differential common-base Colpitts oscillator. Biasing not shown.
Index Terms—Bipolar transistor, circuit theory and design, fully g P g

integrated VCO, integrated inductors, phase noise, varactors.

or the common-collector is suitable for integrated designs.

The common-base was chosen because it is not as widely

explored as the common-collector configuration [1]. As well,
HE INCREASING demand for portable communicationpreliminary simulations showed it had performance equal to or

equipment has driven research to produce transceivers at loweirginally better than the common-collector circuit.

cost. This has led to an intense interest in integrating as many

components as possible. One high-speed component that Aasrequency Tuning

been particularly hard to integrate is the voltage-controlled The first task in designing abC oscillator is to set the fre-
oscillator (VCO). This is largely due to the poor quality OE

. INTRODUCTION

uency of oscillation, and hence set the value of the total induc-

on-chip passive components in silicon integrated circuit tecli e and capacitance in the circuit. Assuming ideal transistors

nologies, namely the low quality fact@r of on-chip inductors 01 andQ?2 the frequency of oscillation is given by
and the poor linearity of on-chip varactors. In this work, we

present a design methodology for a high-power completely _ 1 1
integrated Colpitts oscillator. Optimum design of this circuit Wose = VLCio: @

for best phase-noise performance will be discussed. The

effect of poor varactor linearity on phase-noise performan¥diereCic; is the series combination 6f, andCs.

over the complete tuning range will be discussed, an issuel© get the unloade@ as high as possible, as well as increase
not commonly addressed. We will show that with the use @utput swing, itis desirable to make the inductance as large as

simple theory, this effect can be predicted qualitatively arPssible. This is because the losses in the inductor are usually
quantitatively with only a small error. much higher than the losses in the capacitors and because the

parallel resistance of the inductor is proportional to the size of
the inductor [see (2)]. However, it should be noted that in prac-
tice, large monolithic inductors suffer from limiteg. There-

In this section, the design of a differential Colpittore in a given technology there will be an optimum size for
common-base VCO for low phase-noise performance is dige inductor.

cussed. The circuit is shown in its simplest form in Fig. 1.
Note that of the Colpitts topologies, either the common-bage pesign of On-Chip Inductors

Il. DESIGN CONSIDERATIONS

Inductors prove to be one of the most difficult passive circuit
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The parallel resistance that the inductor presents to the tankvisereR ... .. represents the parallel resistance across the tank
given by due tor.. Therefore, in order to get the maximum effect of the
impedance transformer, it is necessary to mékelarge and
7 C; small. However, if this ratio is made too large then the gain
c (2) around the loop will drop below one. In addition, the larger this
tot ratio is made the more current must be driven through the tran-
The goal of any inductor layout is to design a spiral induct&istors to achieve a given output power. This in turn leads to
of specified inductance, and optimigefor best performance at larger noise sources in the tank, thus degrading phase noise. The
the frequency of interest. In order to achieve this, careful layo@@in around the loop in the oscillator is given by
of the structure is required. The resistance of the metal lines

RTank,L = QindwoscL = Qind

causes the inductor to have a high series resistance limiting its c G Rz
performance at low frequencies, while capacitive coupling to G = G gy 9mftrans = - 4
the lossy silicon substrate causes the inductor’s effective resis- 1 2 14 52

1

tance to rise even more at higher frequencies [9], [10]. Large

coupling between the inductor and the substrate_also cau_sesvmgreRTank is approximately equal to the parallel combination
str.uc.tures to have. low self—resonance frequenmesz placing 88 R rank.. and Rrank re. Since the loop gain given in (4) must
strictions on the size of the device that can be built. In ordgg greater than one for oscillations to begin, this expression can

to reduce the series resistance, the line widths should be lafggsolved to give a crude estimate for the minimum bias current
therefore, to obtain a given value of inductance the StrUCtW@quired to allow oscillations to start.

must occupy a greater area, increasing substrate loss. Narrower
metal lines mean less substrate loss, but more series resistance.
The designer must carefully balance these factors to get the best
possible performance at the desired frequency.

Traditionally, on-chip inductors have been square. This is be-
cause these have been easier to model than more compliciitB@reVr is the thermal voltage. In the limit whefy gets very
geometries. A square geometry is by no means optimal hol@tge this expression simplifies to
ever. The presence of the®Bends adds unnecessary resistance
to the structure [11]. Intuitively it is easy to see that as the struc-
ture is made more circular the performance will improve. Re- Ic > .
cent work has also shown that the use of differential inductors Rrrank

can reduce substrate losses and lead to hightectors in dif-  This corresponds to the case where the minimum current is re-
ferential applications [12], [13]. As well, the use of a patterneglired for start-up of the oscillator. However, this also corre-
ground shield underneath the inductor can also lead to |mpr0\ge‘51)ndS to the case where the transistor loss will have the most

performance [2]. However, few simulators other than full 3'%pact on the) of the tank and will lead to higher phase noise
electromagnetic simulators are able to predict the performangechown above.

of such structures so the designer is often left with experimen-
tation as the only possible design approach. For these rea
the inductors used in fabricating the oscillator were made wi
a sgquare geometry. Diodes in the technology used for this work [15] are usually
In this work a version of GEMCAP [7] was used to simulateealized using the base—collector junction, as shown in Fig. 2.
inductor performance. Unfortunately, this software could onklowever, when using this junction there is also a parasitic
model square geometries. Despite the fact that the versiondidde between the collector and the substrate. Observe that the
the software used did not handle the skin effect or model thiedown is typically connected to ground, hence the anode of
underpass of the structure, the values of inductance were sirthe parasitic diode is normally grounded. The base—collector
lated very accurately. It also predicted theavith reliable trends junction had & that varied from 22.9 to 33.5 with a properly

Cs 1
I Vell4+ = 5
¢ T< +CI>RTank ®)

Vr

(6)

n .
. %I)e5|gn and Placement of Varactors

although it tended to be slightly optimistic. optimized layout as shown in Fig. 2. However, the parasitic
junction inherently has a lowp due to the low doping of the
C. Capacitor Ratios substrate. This makes it desirable to remove it from the circuit.

In order t hi d erf h ¢ _tPIacing two varactor§’,,,, in the oscillator as shown in Fig. 3
__'nhorder to achieve good periormance, the use of capact %rf?ectively ac-grounds both sides of the parasitic diodes and
Is necessary to transform (the dynamic emitter res"Stance)removes them from the differential circuit. Note that in this
of transistors()1 and Q2 (see Fig. 1) to a higher value. The

) . ; ) : circuit the anode of the varactors is at approximately 1-V dc.
impedance transformation effectively prevents this typically IOVf'herefore to prevent forward-biasing them, the control-voltage
impedance from reducing thig of the oscillator’d_C tank. The ' '

. d ¢ ¢ tion is ai by [141- tuning range will be approximately from 1 to 3.3-V dc. The
impedance transformation is given by [14]: resistorR,,. prevents decoupling both sides of the oscillator.

It also provides protection from accidentally forward-biasing
the varactors which could otherwise cause large currents to
flow.

Ch

2
RTank, re — <1 + a) Te (3)
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Bad Design:
<> Long Horizontal Distance Fig. 3. Final common-base design including output buffers and biasing.
Good Design:
Short Horizontal Distance . . I
() to the collector. If steps are not taken, this resistance will limit

, , L _ _ the performance of the design. In order to increas&}iué the
Fig. 2. Integrated varactor with parasitic diode. (a) Cross-sectional wewoftpe Kk without ifici tout itter d
diode. (b) Example layout for the varactor. ank without sacrificing output power, emitter degenerafitn

is added to the circuit. Degeneration will also further increase

Unfortunately in bipolar processes the base—collector jun@_e linearity of the transistor amplifiers at the cost of adding
tion is usually made with constant doping. This leads to a nore™e additional noise. This allows the signal levels to increase
linear C—V characteristic that can be approximated by the fof?oré before the transistor nonlinearity causes saturation. Care

lowing [16]: must be taken as the addition of excessive degeneration results
in less negative resistance and oscillations will not start. Thus
v\ Y2 making this resistor too large leads to low output power, and
cV) =0, <1 - %) ™ therefore high phase noise. Makity; small also leads to ex-

) ) ) ) ] cessive nonlinear mixing of noise around the carrier that further
whereC, is the value of the capacitance of the junction with zergy e ases phase noise. Therefore, either simulation or careful

volts across it, and, is the built-in potential of the junction. If 5navsis must be used to set this value. Simulations showed that
available, the use of a junction with a linearly graded doping ¢ \vas close to optimal.

profile can be shown to lead to increased linearity. The formula

for its C—V characteristic is F. Addition of Output Buffers
v\ Y3 The placement of a 5Q-load either directly across the tank
CV)=0C |1~ ¢_0 : (®) or at the emitter of these circuits such as when testing with a

o . ) spectrum analyzer would significantly reduce thef the cir-

In the limit for large applied reverse bias the varactors caijit For this reason, output buffers have been added to the cir-
suffer from collector—base punch-through. This will cause thg,it These buffers are emitter followefs and Q4 with high
capacitance'to become aImos't constant. At this point, the V%ut impedance and they transform the®(ead into a larger
frequen(_:y will cease to vary W_lth changes in the voltage_ on tﬁ]ﬁpedance_ They were placed at the emitter instead of at the col-
control line. As will be shown in Section 1V, this occurs in thgector in order to take advantage of the impedance transforma-
region of low phase noise. _ tion provided by the capacitorgX(, C,, andC.,;). This buffer

Equations (1) and (7) could be used to find an expressigiyg makes the circuit less sensitive to load pull when driving
for the frequency of oscillation as a function of control voltage,, ctive load such as the input to a mixer, and gives increased

However, it is more useful to find such a relationship throu tput power since it can drive 50 without affecting signal
simulation and measurement. Nevertheless it should be ”oé‘?ﬁplitude in the oscillator core.

that the shape of th€—V curve described by (7) is nonlinear
and will lead to a nonconstant value &%,co for the oscillator. G. Quality Factor Q) of an Oscillator

E. Addition of Emitter Degeneration The @ of an LC resonator is a figure of merit used foCC
tanks and oscillators. It is extremely important because the

Fig. 3 shows the completed oscillator circuit. The currenfi <o noise produced by the oscillator is a strong function of
sources are represented with symbols for simplicity. If sufficie e of the tank. It can be shown that [14]

current is driven through the transistégs and@2 in the circuit
depicted in Fig. 3 such that reasonable output power is achieved, Ciot
the value of-. is quite small even after it has been transformed Q = WollrankCiot = Rrank T 9)
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whereR ., is the total equivalent resistance in parallel with theonstant over the tuning range [22]. Unfortunately, on-chip
tank,C;.. is the total capacitance of the tank, aigs the induc- varactors have a nonlineéf-V curve, and this can make the
tance. For the oscillator in Fig. ..k is composed mostly of phase noise over the tuning range nonuniform. Any noise on
the parallel resistance of the on-chip inductor (due to its limitetle control line can lead to additional phase noise as shown
), and of the transformed dynamic emitter resistance in serieg14], however, any noise generated by the VCO at the var-
with Rg. Thus, for this circuit the resistance in parallel with thactor terminals will also modulate the carrier and create addi-
tank including the effect aRg can be approximated by tional phase noise. This term can be added to the well known
1 1 1 Leeson’s formula [23] to take this additional noise mechanism

RTank - QindwoscL + 02 N Ovar 2 Into account.
(7>€+RE)<1+T> L Kueo) —10 log| (2 PRk
10) m, fvco) = gl \3 Ofm 5P, I

Some numeric values using this formula will be given in Sec- 2

; 1 [ KvcoVim

tion V. +o | —— (13)
2 2fm

I1l. OUTPUT POWER OF THEOSCILLATOR

where

An oscillator relies on the nonlinearity in the transistor L(f,,,Kvco) phase noise in dBc/Hz;
amplifier to limit the amplitude of the oscillation. As the f, frequency of oscillation in Hz;
voltage swings get larger the transistor starts to behave in af,, frequency offset from the carrier in Hz;
nonlinear manner which causes the loop gain to be reduced noise figure of the transistor amplifier;
until it is exactly unity. At this point the oscillation amplitude % Boltzmann’s constant in J/K;
stabilizes. If the amplitude of the oscillation is quite small due T temperature in K;
to a small-signal loop gain (not much more than unity) then P, RF power produced by the oscillator in W;
transistor cut-off will probably be enough to cause oscillations f, flicker noise corner frequency in Hz;
to stabilize. As the gain is increased and oscillations becomeK~,cq gain of the VCO in Hz/V;
more vigorous the transistor will alternate between cut-off and V/,, total amplitude of all low frequency noise
saturation. In this state, the current through the transistor will sources in V{/Hz.

appear as narrow pulses coinciding with the top of the voltagince the varactor is nonlinealiy,co varies over the tuning

swing. In this region of operation, a formula is given by [17] teange. Therefore, in some circumstances, the phase noise in

predict the amplitude, as follows: the oscillator can be completely determined by the low-fre-

c quency noise. At the bottom of the tuning range where the

— —1> (Rrank,1.//Rioaa) ~ VCO has a high gain, the low-frequency noise dominates. Con-

G142+ O (11) versely at the top of the tuning range where the gain is small,
whereRy..q IS the resistance presented to the tank by the Ioam.e. Leeson s—style noise dommates'and determines the phase

oise of the oscillator. Thus, the designer must be very careful

Note that this formula will be slightly less accurate for design@ imize th lowf . i
that use degeneration because that will tend to widen the curr%fn_'n'mlze ese low-lrequency noise sources as Well as max-
izing the @ of the oscillator tank. Note that the varactor can

pulses. For the oscillator in this paper this formula would Iedba1 . o :
to an output voltage of e forward-biased at the top and bottom of its signal swing,

but this excess phase noise has nothing to do with forward-bi-

VTank ~ 2IBiaS <1

Vout asing the varactor (very little phase noise is generated there
o) C, regardless) or reducing the varactor's high-frequeéylue
~ 24 pInias C1+Cs+ Cons 1- Ci+ O+ Come to forward-biasing. This same variation can be demonstrated
(Rt 1./ Fuon) v V?rlz) in simulation using an ideal voltage-controlled capacitor if the

C-V characteristics match those of a real varactor. Note also

whereA  is the loss due to the followers. However, it should b#at the excess gain term sometimes included in Leeson’s for-
noted that oscillations would not grow forever with increasingiula has been ignored. This term, used to model nonlinearities
bias current. Eventually the voltage will reach a hard limit séfiat can contribute to the noise through nonlinear mixing of
by one of the supply rails. Further increasing the current will réigher frequency noise around the carrier, is not significant if
sult in a clipped output voltage waveform such that the voltad@e oscillator is designed to have very little excess gain, as is
amplitude of the fundamental frequency is the first harmonic #fe case here.

a square wave. In this region, the formula will become increas-

ingly inaccurate. V. CALCULATION OF PHASE NOISE

From the preceding discussion it is easy to see how one might
IV. PHASE NOISE IN VCOs go about predicting the phase noise of the VCO. Thef the
When VCO phase-noise performance is reported, it is typiscillator can be calculated using (9) assumig,, can be
cally measured at only one point in the tuning range [1]-[21&pproximated by (10). For this VCO the bias current through
However, the phase noise of on-chip designs is not necessafily andQ2 is 3.2 mA, resulting in an. of 7.82 and Rg has
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TABLE |
CALCULATION OF Ranik
Reverse Bias of Cuar 2 | ReygnkretRE Rrank Tank Q
the Varactor (1 +ﬂj
Cl

0 Volts 2.9pF 6.91 192.1Q 99.6Q 2.68

1Volt 2.1pF 5.76 160.1Q 90.2Q 2.35

2 Volts 1.9pF 5.49 152.6Q 88.0Q 2.27

3 Volts 1.8pF 5.35 148.7Q 86.6Q 222
been selected to be 20, C; is 3.5 pF and’, is 2.8 pF. Based 3 36
on these values, the following table summarizes the effectively 2.8 - et 34
transformed emitter resistance seen at the (@i re+rE) T 06 B T 32
where the parasitics i1 andQ2 were neglected for simplicity. o e + 30
Also assuming &) of 5.5 (see Fig. 5) for the 3-nH inductor & 4 7 o ~-Capacitance| |
(Rrank,1. = 207Q at 1.9 GHz), the total equivalent resistance € 221 N\, ~Q
is obtained using (10). From Table I, it is also easy to see that § 21
without Rg, the @ of the oscillator would be drastically re- 18 1
duced.

Note that accounting for the finite varact@rwill not change 1.6 ‘ ‘ ‘ ‘ ‘ 20

the results by any measurable amount. Even in the worst-case 0 0.5 L 15 2 25 3
scenario, the varactor has a parallel resistance ofB2fich Bias (Volts)

gets transformed (through the capacitor ratio) to 4Q%kpar- . :

. . . . Fig. 4. Measured’-V curve and? for the varactor used in the VCO.
allel with the tank. Thus, varactor loss was ignored in this anal-
ysis. 6

Simulations using SPICE will give accurate predictions of
the noise figure of the amplifier (we are making the assump- 55 1
tion here that using the small-signal noise figure is an accuratt
method of calculating the transistors noise contribution to the
tank) and output power of the circuit. Alternatively, the output 45 1
power can be estimated from the formula in SectionU}l.can
be calculated by summing the noise sources in transistors an
resistors present at the terminals of the varactor. Note that this i
the noise aff,,, modulated tof, — f,.. or f, + f... Therefore in
calculating the noise one can simplify the circuit knowing that 5 |
the capacitors are all open circuits and the inductors are shoi
circuits at these frequencies. In minimizing the noise presen 257
in the VCO, two things are of paramount importance. First, the
current through the transistors must not be made larger than nex )
essary for a given power level, and secoRg,,,. must be kept Frequency (GHz)
relatively small. Note that this resistor’s purpose is to avoid de-
coupling both sides of the oscillator and prevent large curreftd: 5 Measured performance of a 3-nH spiral structure.
from flowing in case the varactor is forward-biased, however,
it does represent a noise source directly applied to the tunititg circuit and the effect of only the desired collector-base
port. If low-frequency noise starts to dominate in the design,jignction was measured. Fig. 4 shows thie-V" curve for
is recommended to reduce the ratigdf+ C.., to C; at the ex- the structure. The varactor's capacitance is 2.9 pF for 0-V
pense of reducing th@ of the tank in order to reduce the currenteverse bias and 1.8 pF for 3-V reverse bias. This gives a
and therefore reduce the noise at the varactor termifials, ~ Capacitor-tuning ratio of 1.6. Th@ of the varactor (also shown
can be predicted provided a model is available for the varactttFig. 4) was measured and was greater than 20 over the whole
Such calculations resulted in the predicted values presentedUfiing range with this terminal grounded. Note that grounding
the next section. the base and measuring tliefrom the collector side of the
junction will show a reduce@ for the two varactors in parallel,
usually below five. This further illustrates the importance of
the varactor placement in this circuit. The inductor was also

Both the varactor and inductor were tested on-wafer aseasured on-wafer as a one-port test structure. Fig. 5 shows
one-port devices. The collector side of the varactor (see Fig.tBg measured induct@p and inductance (which was about 5.5
was grounded so that the parasitic diode was removed foatthe frequencies of interest).

4 +

LH)Q

VI. RESULTS
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Fig. 8. Output power versus bias current for VCO2. (Both single-ended.)

Fig. 6. Microphotograph of the VCO. 0
195 200 20 +
| Freq(VCO2) 180 — Calculated
\ = 1
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Fig. 7. Frequency versus tuning voltage characteristic for both VCO desigirsg. 9.  Phase noise versus frequency offset at 1.9 GHz for VCO?2.

A microphotograph of the VCO itself is shown in Fig. 6. Theoutput power of the second design was plotted relative to bias
layout was made as symmetric as possible to ensure a true difirent and compared to estimates obtained with the formula
ferential circuit. The VCO occupied a chip area of 1.1 mim presented earlier. Note that there is good agreement provided
0.8 mm. The inductors were placed apart from the rest of the dinat the current is not too low or too high. These results are
cuit to ensure good performance, and a guard ring of substrak®wn in Fig. 8. The phase noise versus frequency offset for
contacts was placed around them to prevent the VCO sigtia¢ second version of the VCO at 1.9 GHz is shown in Fig. 9.
from traveling through the substrate. Two versions of the VCThis measurement was done at the top of the tuning range. The
were fabricated. The first version of the VCO hidd,,. =4 k&2 phase noise measurements agreed well with values predicted
and drew 5 mA through each §f1 and@2. The second version by (13), also shown in Fig. 9. The phase noise was measured
of the VCO was reworked to re-optimize device sizes to reduoader these conditions to bel03 dBc/Hz at 100 kHz offset.
the low-frequency noise and make the phase noise more unifoFime oscillator with no tuning mechanism (without a varactor)
over the tuning range. This second design drew 3.2 mA througlas found to oscillate at 1.72 GHz. It was made identical to
each of@Q1 and@2 and hadR; .. = 50€2. The capacitor ratio the first design with the fixed capacitors set to have the same
was reduced somewhat in this design to compensate for theagapacitance as the varactors at the bottom of the tuning range.
duced gain in the transistors so that the oscillator output powehad a phase noise 6£105 dBc/Hz, further demonstrating
would not change. A third oscillator was fabricated, identical tine importance of the low frequency noise to this circuit.
the first design, but substituted fixed capacitors for the varactorsA plot of phase noise versus tuning voltage for both versions
for comparison. of the oscillator is shown in Fig. 10. This clearly shows that

The VCO was measured both by wafer probing and aftére performance is not uniform over the tuning range. In fact it
packaging. It had a tuning range of 90 MHz for the firstaries by as much as 10 dB in the first design. The second ver-
design and 100 MHz for the second design. All designs hadsian of the VCO reduces the range to only 7 dB of variation and
single-ended output power ef5 dBm at their nominal bias gives better overall performance. Calculations using (13) also
points. The oscillators were operated from a 3.3-V supplgredicted almost the same variation for both designs. Note that a
Phase noise measured for both packaged and unpackaged M with constant gain and the same tuning range would have
differed by less than 3 dB. Plots of frequency versus tuniran almost constant phase noise that would rest between these
voltage for both versions of the VCO are shown in Fig. #fwo extremes. This very clearly demonstrates the effect of the
Note that Kvco decreases from over 100 MHz/V down tovaractor on the phase noise. There were of course some slight
below 20 MHz/V over the tuning range for both designs. Thdiscrepancies between measured and calculated phase noise. It
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(5]

(6]

(71

(8]

[9]

(10]

Fig. 10. Measured versus calculated phase noise at 100-kHz offset versus .
[11] S.S.Mohan, M. Hershenson, S. P. Boyd, and T.H. Lee, “Simple accurate

should be remembered that oscillators are themselves high[§72]
nonlinear and Leeson’s formula itself contains approximations
including the assumption that the transistor’s small-signal noisg-3]

figure is appropriate. As well, it is difficult to account for all

noise sources and transistor parasitic resistance with precise ags
curacy. Thus, a small error in calculated versus measured results
is expected. Nevertheless even using these simple formulas, ré&!
sonably accurate results of VCO phase-noise performance can

be achieved.

VIl. CONCLUSION

(16]

(17]

VCO phase noise variation over the entire tuning range has
been studied. Theoretical calculations and measurements agfé@

very well. A methodology for the design of a completely inte-

grated differential VCO has been presented. A 1.9-GHz VCQu9]

was fabricated in a 0.pm bipolar technology with a phase
noise of —103 dBc/Hz at 100-kHz offset. The analysis in this 20

work shows that the use of linear varactors will lead to more
uniform performance levels. Careful consideration of low-fre-

guency noise is necessary in order to optimize the phase—noiéze1

performance of the VCO and to ensure that the phase noise [i]

made as uniform as possible over the tuning range.
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