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An oscillator noise model distinguishes between various noise sources and predicts their
influence on voltage-controlled oscillator (VCO) single sideband noise. Tuning diodes are the
most critical elements. A test oscillator validates the predicted performance. An equivalent noisy
resistor is introduced as a figure of merit for low noise diodes. Finally, the important fabrication
considerations for low noise diodes are presented and validated in the test oscillator. At 10 kHz
offset, the noise contribution of optimized tuning diodes in the oscillator adds only 10 dB of

noise compared to a fixed capacitor design.

early all RF oscillators are voltage-controlled.

The main single sideband noise contribution

comes from the transistor’s intrinsic noise

sources and the noise contribution of the
tuning diode. The published flicker noise exponent (AF)
and flicker noise coefficient (KF) values for transistors
are usually determined at iV RF levels and normal DC
operating conditions. As the RF level in an oscillator
is much greater, this must be considered in the circuit
analysis.

Most semiconductor companies changed their pro-
duction processes for tuning diodes due to requirements
of digital applications with the result that oscillator phase
noise deteriorated. Also, none of the diode manufacturers
specifies phase noise in oscillators, as there are too many
variations of oscillator circuits available.

To develop and characterize low noise tuning di-
odes, it is necessary to describe the appropriate oscilla-
tor, analyze its critical semiconductor components and
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A Fig. 1 Generalized oscillator circuit using an amplifier
model. Z, is the load.
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finally compare the tuning diode with the ideal case of
a fixed capacitor. This article follows that guideline to
verify the quality of newly developed tuning diodes.

ANALYSIS OF THREE-REACTANCE OSCILLATORS

A generalized circuit for an oscillator is shown in Fig-
ure 1. This is typically referred to as a Colpitts oscilla-
tor.! It has a capacitive voltage divider, Z; and Z,, and
an inductor Z;. Its phase noise can be determined with
a microwave simulator. With these programs, however,
it is not possible to distinguish the individual noise con-
tributions to the output signal. Therefore, a direct analy-
sis of the oscillator circuit equations is presented here.
The active device is a three-terminal device, typically a
transistor.2

Figure 2 shows the Colpitts oscillator including leads
and package parasitics. In practice, the lossy part of a
tuned circuit is the inductor. Ry; is the resonator loss.
Splitting the input impedance Z (see Figure 1) of the
Colpitts oscillator into real and imaginary parts we ob-
tain:
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A Fig. 2 Colpitts oscillator W|th base lead inductances, L
and package capacitance C

Where:
Rn: Negative resistance without lead inductance and

p!

package capacitance

Rnea: Negative resistance with base-lead inductance
and package capacitance

Ceq: Equivalent capacitance with base-lead inductance
and package capacitance.

The method shown is based on one-port oscillator
design.34> The negative real part of Z;y compensates
the resistor loss of the parallel tuned circuit.

Equation (1b) can be solved for Cgy, see equa-
tion (2a), imaginary part. The exact calculation of the
“noisy” negative real part of the resistance Z\, packager
which is needed to compensate the tuned circuit loss,
is given by:

Zin |package: (2a)

Y1 1 ~
0 (C1+Cp ) Cp (14 0?Y512)

_(c1+cp+c2)_ @Yailp Y
o(C+Cp)Cz  (1+0?Y2E) 0(Cr+Cy)Cy

The left part is the negative part of the “noisy” input
resistance. The intrinsic value Ry is:
Y,
Ry = _% (2b)
() C'ICZ

This is a noisy electronically generated negative re-
sistance. It combines all internal noise sources to be
modulated on the oscillator carrier frequency.

Leeson’s Empirical Phase Noise Model

E.J. Baghdady et al.¢ first gave the definition of phase
noise. Single sideband phase noise equation (3) is based
on David Leeson,” Scherer and Rohde.® Scherer was the
first to introduce the flicker effect to the Leeson equation
and Rohde the first to add the AM-to-PM (VCO, last term
in the equation) conversion effect, caused by the nonlin-
ear capacitance of the active devices.

Lesson’s complete phase noise equation is given by:
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Where:

£(f,,) = ratio of sideband power in 1 Hz bandwidth at f,,
to total power in dB
f, = frequency offset, or modulating frequency
fy = center frequency
f. = flicker corner frequency
Q, = loaded Q of the tuned circuit, should be half of the
unloaded resonator Q, (Matching for Power)
= large signal noise factor
kT = 4.1 x 102" at 300 [K] (room temperature)
P,y = average power at oscillator output
R = equivalent noise resistance of tuning diode (typi-
cally 200 [Q] to 10 [kQ])
Ky = oscillator voltage gain

k = Boltzmann constant.

Equation (3) is shown graphically in Figure 3. The
problem is that necessary data, like output power, large
signal noise figure, loaded Q and flicker noise are not
known a priori. The other problem is that it does not
provide the actual noise contribution of the semicon-
ductor devices. It is shown below that the phase noise
contribution of the tuning diode in VCOs is the critical
part, and not the transistor itself. The fixed frequency
oscillator is the best phase noise case.

Depending on the relation between f_and f,/2Q, there
are two cases of interest. For the low-Q case the spectral
phase noise is unaffected by the Q of the resonator, but
the L(f,,) spectral density will show a 1/f3 and 1/f2 depen-
dence close to the carrier. For the high Q case, a region of
1/f3 and 1/f should be observed near the carrier.

At small offset frequencies from the carrier, the phase
noise exhibits a slope of 1/Af3, i.e. 30 dB per decade. This
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TABLE 1
f.vs. I
0.25 1
0.5 274
1 4.3
2 6.27
5 9.3

(Source: Motorola)

region is dominated by flicker noise
up-conversion. Particularly, in CMOS
this is a challenge, since the 1/f-
noise corner frequency is very high.
Above that, the slope is 20 dB per
decade. This is the offset frequency
region dominated by thermal noise
up-conversion. Finally, at higher off-
set frequencies from the carrier the
spectrum is flat, limited by the noise
floor of the active circuit (see Figure
2), given by kTFP.? For very high
Q resonators, the flicker corner fre-
quency f. moves to higher frequen-
cies, independent of the transistor
(filter effect).

Table 1 shows f_ as a function of the
collector current |- for a typical small-
signal microwave bipolar junction tran-
sistor (BJT). Ignay Of this transistor is
about 10 mA. The corner frequency in-
creases non-linearly with current (DC).

Note that f,, which is defined
by AF and KF in the SPICE model,
increases significantly with . This
gives a clue about how f_ changes
when a transistor oscillates at differ-
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A Fig. 4 Colpitts oscillator circuit configuration.

ent current levels. Because of the
bias-point shift that occurs during
oscillation, an oscillating BJT's aver-
age l¢ is higher than its small-signal
lc. KF is therefore higher for a given
BJT operating as an oscillator than
for the same transistor operating as
a small-signal amplifier. Generally, f,
varies with device type as follows: Si
JFETs, 50 Hz and higher; microwave
RF BJTs, 1 to 10 kHz (as above);
MOSFETs, 10 to 100 kHz and GaAs
FETs, 10 to 100 MHz.

Several observations can readily
be made. One obvious way to re-
duce phase noise is to increase the
power or oscillation amplitude. This,
however, is limited in practical oscil-
lators due to the supply level. Anoth-
er, more practical, possibility is to in-
crease the quality factor of the tank.
The first part of equation (1), describ-

ing 1/Aw? , corresponds to the ther-
mal noise part of the spectrum. Mul-
tiplying by another 1/Aw describes
the flicker noise part of the phase
noise spectrum. Flicker noise is de-
scribed empirically, and no insight
is provided into the flicker noise up-
conversion mechanisms; however, it
can still be concluded that increasing
the voltage swing or increasing the
quality factor of the tank will reduce
flicker noise in this region.

Equation (4),” based on Leeson’s
equivalent circuit and the special
case of the Colpitts oscillator, yields
exact values for P, Q and F that
are needed to solve Leeson’s equa-
tion. The approach shown here is
novel. We can now calculate the
output power. The factor of 1000 is
needed since the result is expressed
in dBm and a function of n and C,.
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Where 0.7 V is the high current saturation voltage
and V, is the collector emitter voltage < V..

To calculate the loaded Q (Q,) consider the unload-
ed Q (Qg) and the loading effect of the transistor. There
we consider the influence of the large signal condition
Y,1*. The inverse of this is responsible for the loading
and reduction of Q.

1
Do XIS~ (C+Cy)

T-0y’CiL(Q= Q) ®

QOXQ*

and finally Q, =
ANCIVEY

The transistor noise factor can also be calculated
under large signal conditions. Considering Y,,*, this
noise calculation is based on general noise calculations
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5 R, #1000
Q? (q +C11) +0gl2C? (Q)
n_

such as those of Pucel and Rohde.'0 An
(4)  equivalent procedure can be found for
FETs as well.

Oscillator Noise Factor

Figure 4 shows the oscillator equiva-
lent circuit configuration for the purpose
of analyzing F with respect to the oscil-
lator feedback components (C; and C,),
which are needed to predict F in Leeson’s Equation.
The objective is to determine the oscillator circuit pa-
rameters that influence F, thereby influencing oscillator
phase noise.

F for the transistor in Figure 4 is:

TGS Sol (6)
(C1+Cy)C ,
2
Tb + 1 Yb + w 1 + f_2 + &
2Y, Y21CoCc B ff) 2

For fixed capacitors C;, C,, the following compo-

nents contribute to oscillator noise:

e Thermal noise associated with the loss resistance of
the resonator

e Thermal noise associated with the base resistance of
the transistor

¢ Shot noise associated with the base bias current
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(ABCD)

= the phase noise contribution from
C the collector current.

2-Port
Bipolar

T@ »,

Noise-Free

The transition from a basic oscilla-

icn AM-to-PM Conversion

tor to a VCO is achieved by replacing

Tnr

all or a part of the resonator capaci-
tor with a voltage dependent variable
capacitor, typically a tuning diode or

varactor.2 The RF voltage across the

A Fig. 5 Oscillator calculation using the ABCD matrix.3: P- 132

* Shot noise associated with the collector bias current.
An oscillator circuit with the contribution of all four
noise sources is shown in Figure 5.
Using an oscillator circuit with a noisy resonator, the
total noise of the oscillator in Figure 5 can be deter-
mined.3 Consider the effective capacitance C ¢

& 7)

The phase noise contribution (PN) from the oscilla-
tor circuit with a 2-port [ABCD] matrix is:

4KT
o (N (0o)] =

sl 1

= the phase noise contribution from the resonator tank.

PNiy (@9 +Aw) =

(8a)

2
PNyen (0)0 +Aw) = 4KTYy, [N FTubn (mo)] =

2
RSt B e
2| G 2Q |l Aw
= the phase noise contribution from the base spreading
resistance.

(8b)

2
PNipn (00 + A®) = 29, [NFT,, (0g) | =

)

= the phase noise contribution from the base current.

(8¢c)

K18 2
PN|fn(wO+A(D) fb [N ibn 0)0)] =

2
g 1 G 1 [ Oy }
fm 2 C1 + C2 ZO)oQCeﬁ: A®
= the phase noise contribution from the flicker noise of
the transistor.

(8d)

PNy (0 + A®) = 21 [NFT., (o) =
2
C] + C2 ZwOQCeﬁ A®

70

depletion capacitance modulates the
operating frequency. FM and PM can-
not be distinguished at a constant f,;
however, with a change in f,,, the FM modulation index
will change and the PM modulation index will not.

To calculate the total phase noise, an equivalent
noise resistance R, of the tuning diode is defined.
When inserted in Nyquist’s equation it results in a fre-
quency offset dependent noise voltage V,, across the
tuning diode:

AKTR G AF ©)

where kT = 4.2 x 10x21 at 300 K, and Af is the offset
from the carrier.

This noise voltage generated from the tuning diode
is now multiplied with the VCO gain K, resulting in an
rms frequency deviation Af .. This can be translated
into an equivalent peak phase deviation 6:

Kov2
Af

04 = x V, rad in a 1 Hz bandwidth (10)

This is converted into the single sideband (SSB) sig-
nal-to-noise ratio expressed in dB

SSB S/N =20 x log(64/ 2)dB (11)

Comparing the SSB noise of the oscillator with a
fixed capacitor and an identical capacitance value of
the tuning diode determines the equivalent noise resis-
tor R,,. The lower the resistor the better the quality of

the diode. All relevant information is provided by Ro-
hde and Rudolph.?

DIODE FABRICATION AND SINGLE DEVICE
PERFORMANCE

A Si tuning diode consists of a p-n junction. Con-
tacting an n-doped and a p-doped region, the mobile
charge carriers (electrons and holes) are pulled away
from the junction and a depletion zone is created that
acts as a capacitor. By applying a reverse bias voltage
(V) the depletion zone width xp increases. For the n-
type region it is given by:

Xp = ZLSSi)(vDJrv)

ggeg; is the dielectric constant of Si, e is the elemen-
tary charge and Np(x) is the donor concentration. The
diffusion voltage Vj is given by:
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_ We - We
e

Vo (13)

where W_ s the energy of the conduction band edge
and Wt is the Fermi energy.

For the p-type region, the donor concentration is re-
placed by the acceptor concentration.

The voltage dependent capacity C(V) can be written
as:

Agpec: \
C(V):M:C /(1+—jy (14)
X5 0 o

where y = 0.5 characterizes the theoretical value for
an abrupt junction diode with constant doping concen-
tration in the depletion zone.

For a VCO, several more parameters must be con-
sidered, such as frequency range, linearity, series re-
sistance and noise level. So-called hyperabrupt tun-
ing diodes!" are widely used for VCOs and this article
presents results regarding these requirements. Using
epitaxy, ion implantation and careful thermal manage-
ment, high-quality hyperabrupt diodes are realized with
extremely low noise levels.

Highly doped n-type 200 mm Si wafers with (100)
orientation are used to achieve low series resistance. In
a first step, an n-type epitaxial layer with a thickness of
several micrometers and a doping concentration in the
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A Fig. 6 SIMS profile of the hyperabrupt tuning diode.

range of 1x101% to 1x101¢ cm-3 is grown. The p*-region
is fabricated by ion implantation.

A SIMS profile of the total stack after annealing is
shown in Figure 6. In principle it is possible to cre-
ate even sharper doping transitions,'2 however, these
techniques (e.g. molecular beam epitaxy) are not suit-
ed for mass production. To avoid lateral spreading of
the electric field, a guard ring structure is integrated.
Diodes with an active area of A = 0.118 mm? as well
as A = 0.037 mm? are fabricated on the same wafer.
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A Fig. 7 Diode equivalent circuit.

For the front-side metallization a Ti/
TiN barrier is sputtered followed by
Al/1%Si. For the backside a gold-
based metallization is chosen to en-
able soldering in the package.

The noise of the hyperabrupt di-
odes—and therefore the resonator
noise—depends on the quality factor
Im(2)/Re(2). The higher the quality fac-
tor of the resonator, the lower the os-
cillator noise. Considering the equiva-
lent circuit of the diode (see Figure 7),
one must consider two parameters:

1) The crystalline quality of the Si
in the depletion zone should be as
high as possible to avoid any point
defects such as vacancies or intersti-
tials, which act as scattering centers
and increase the noise level.’3 As a
consequence, the resistance R, for
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A Fig. 8 Capacitance tuning range vs.
reverse bias on the A = 0.118 mm2 diode
measured at 500 MHz.

reverse bias must be as high as pos-
sible. This can be achieved by care-
ful annealing steps.

2) The real part of the imped-
ance, which mainly consists of the
contact series resistances and the
wiring of the package, must be min-
imized. For this purpose, the wafers
are thinned to 120 ym. The resulting
series resistance R of the bare die,
measured at 5 GHz and 2 V reverse
bias voltage, amounts to 0.8 Q for
the larger diode and 1.3 Q for the
smaller diode.

Wafer Level Measurements

The breakdown voltage for both
types of diodes is 31 V. For the
larger diodes, wafer level measure-
ments of capacitance (measured at
500 MHz) as a function of reverse
bias voltage is shown in Figure 8. A
capacitance Cy = 19 pF is measured
at a reverse bias of 1V and Cy5 =
2 pF at 25 V. The resulting capaci-
tance ratio C;/Cys is 9.5.

For the smaller diodes, capacitance
versus voltage behavior is shown in
Figure 9. A capacitance C, = 6.2 pF is
measured at a reverse bias of 1V and
Cy5 =0.75 pF at 25 V. The resulting ca-
pacitance ratio C4/Cys is 8.3.

In contrast to the above derived
simple depletion approximation,
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A Fig. 9 Capacitance tuning range vs.
reverse bias on the A = 0.037 mm?2 diode
measured at 500 MHz.
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A Fig. 10 v vs. bias voltage for the A =
0.118 mm? diode measured at 500 MHz.
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A Fig. 11 v vs. bias voltage for the A =
0.037 mm? diode measured at 500 MHz.
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A Fig. 13 Measured phase noise of the oscillator with a fixed 3 50
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Q
the y-value of hyperabrupt tuning diodes is no longer é -100
constant with reverse bias, however, this value is impor- " -1TSeag:
tant for the design of oscillators. Therefore, wafer level £ -150
measurements are made for the two types of diodes
F- 10 d 11 _200 L L LU L L LU L L LU L L LU L L LLILL L L LI Ll LI L L LI
(see Figures 10 an ). 1 10 100 1000 10k 100k 1M  10M 100M
Packaging (b) Offset Frequency (Hz)

After wafer level measurements the wafers are diced
and packaged in a QFN type housing with SC79 solder-
ing pads. The front-side contact, which acts as anode, is
gold wire bonded, whereas the backside contact, which
acts as cathode, is connected to the ground plate. The
lead frame is copper.

SIMULATION AND MEASUREMENT OF PHASE
NOISE IN A TEST OSCILLATOR

Noise performance of diodes can only be characterized
in a test oscillator. It should be noted that different results
are obtained for different oscillator designs. The quality
of the diodes is demonstrated with the Infineon transistor
BFP 620 in an oscillator at 1.3 GHz (see Figure 12).

Instead of the tuning diodes, we start with a fixed
capacitor of 15.3 pF in parallel with the 0.7 pF capacitor
to ground (see Figure 12b), for a frequency of about 1.3
GHz. This is the ideal case and acts as a reference.
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A Fig. 14 Oscillator phase noise without a tuning diode
calculated using Leeson’s equation (a) and simulated using the
Serenade HB microwave simulator (b).

The measured phase noise of this circuit as a function
of frequency offset from the center frequency is shown
in Figure 13. At an offset of 10 kHz it is about -115 dBc/
Hz. An offset frequency of 10 KHz is used as this is the
closest to the carrier selected in a PLL to compensate
microphonic effect and outside the PLL loop frequency
where the inherent phase noise dominates. The pre-
diction from the presented model as well as the SPICE
data-based simulation (see Figure 14) agrees well with
the measurement.

Next, the capacitor is replaced by a tuning diode to
realize a VCO. According to Figure 8, a reverse bias of
about 2 V is needed to obtain a comparable capacitance
of 15 pF. The resulting measured phase noise plot of the
oscillator is shown in Figure 15. The phase noise ata 10
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1Hz 18 Hz 168 Hz 1 khz 18 kHz 188 kHz
Frequency Offset

Measured phase noise of the oscillator with tuning

diodes.

kHz offset is about -107 dBc/Hz, only
8 dB above the level with a fixed ca-
pacitor, for an oscillator with a 2 to 1
tuning range. To our knowledge, this
is the best value achieved to date.

Equations 9 and 10 are used to
perform a backward calculation for
the equivalent noise resistor.

For L(f,, ) =-107.41 dBc/Hz,

assuming a Ky of 120 MHz/V,

Af, s =0.06 ina 1 Hz bandwidth.

edZK?\/EXVn:

m
120 x 10%/2
f

m
8.519 %10 %rad in
1 Hz bandwidth (15)

x5.02x 10710 =

For an offset frequency
f =10kHz04=8.519x107° /f_

-6
0, = Koﬁxvn _8519x107° _
f 10,000
rad 1Hz bandwidth (16)

Log (64 / 2) =log(4.26E - 6) = -5.37,
L =20xlog(0y4/2)=
_107dBc /Hz, QED (17)

The resulting volt-
age value V, = 5.02 x 10710
VVHz. Finally, the newly developed
diodes have a very low equivalent
noise resistance of only 15 Q.

The described noise model for
VCOs proves that tuning diodes
dominate the sideband noise of
oscillators. As a figure of merit for
the diodes, an equivalent noise re-
sistor is introduced that describes

1 MHz

the noise spectrum
deviation from an
Spur Power  (dBc) |dea| Case Wlth a
fixed capacitor.
The newly devel-
oped diodes with
the same AC char-
acteristics as com-
mercial diodes
demonstrate phase
noise levels only 8
dB above the value
for a fixed capaci-
tor when measured
with the same test
oscillator. B
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