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Abstract

In this paper, we describe an original method for deterngitiive optimal operating point of the active part (transijstor
of an LC oscillator leading to the minimum phase noise foregispecifications in terms of power consumption,
oscillation frequency and for given devices (i.e., tratmsisind resonator). The key point of the proposed method is
based on the use of a profet oscillator architecture providing a fixed loaded qualitgtéa for different operating
points of the active part within the oscillator. The feedbaetwork of this architecture is made of B@ resonator
with coupling transformers. In these conditions, we shoat this possible to easily change the operating point of
the amplifier, through the determination of the turns rafithose transformers, and observe its effect on phase noise
without modifying the loaded quality factor of the resomafthe optimal operating point for minimum phase noise is
then extracted from nonlinear simulations. Once this ogltibehaviour of the active part known and by associating
the previoud_C resonator, a design of a1 oscillator or VCO with an optimal phase noise becomes ptessithe
conclusions of the presented simulation results have bédgiywsed to design and implement a fully integrated,
differential VCO on a 0.3m BiCMOS SiGe process.

Key words: class-C, cyclostationary noiseC resonator, operating point, power added, oscillators.

1. Introduction Section 2 is a brief review of some of the exist-
ing phase noise models giving important key points for
phase noise minimization. Section 3 presents the theo-
retical analysis of the chosé&x oscillator topology and
concludes with the sequence to be carried out to obtain
the oscillation at a frequencip for a given operating

Mobile communication system evolution demands
continuous efforts toward the improvement of Radio-
Frequency (RF) circuit performances. Concerning the
oscillators and voltage-controlled oscillators (VCOSs),

the phase noise requirements are even more .strlngentpoint of the amplifier. Section 4 describes the simula-
_Indeed, the carrier rejection and the transr_mssmn qua_1|- tions leading to the optimal operating point of a SiGe
ity of any_systems depend on the phase noise of the SI9"HBT LC oscillator. Finally, section 5 presents the de-
nals applied to the modulator. Furthermore, from the de- sign and implementation of a fully integrated differen-

signer point of view, pressure is growing as design time 3, v,co gptimized in phase noise using the conclusions
is getting shorter and shorter. In this context, it seems to of the previous section

be very interesting to know rapidly if the specification

required in terms of phase noise and consumption are

consistent with the technology provided. Due to these 2. Brief review of phase noise existing models
considerations, this paper describes a method for deter-

mining the optimal operating point of the active part of ~ The model proposed in [1], known as the Leeson-
an LC oscillator leading to the minimum phase noise Cutler phase noise model, predicts a phase noise spec-

for given specifications in terms of power consumption, tra| density in theiz region of the spectrum of
oscillation frequency and for given devices. f
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whereF is the noise factork is the Boltzmann’s con-  the Impulse Sensitivity Function (ISF) associated with
stant, T is the absolute temperaturBs is the average  the noise source considered previously, grék is the
power dissipated in the resistive part of the resondtor, maximum charge swing across the current noise source.

is the oscillation frequency is the loaded quality fac- As mentioned earlier, the transistor mainly contribute
tor of the resonator anfif is the frequency offset from  to the overall phase noise in an oscillator and the dom-
the carrier. inant noise sources of the transistor are often cyclosta-

Although the result of simplifying assumptions, this tionary. For instance, the collector current shot noise
model offers important key points for reduction of phase of a bipolar transistor and the channel noise of a MOS
noise in the oscillators. Indeed, it can be concluded, device are cyclostationary [5, 6]. Fortunately, the LTV
from (1), that the loaded quality factor of the resonator model developed by Hajimiri and Lee is able to accom-
needs to be maximized in order to reduce phase noise inmodate a cyclostationary noise source with ease. In-
the 1 region of the spectrum. In the same way, for a deed, consider_ing that a white cyclostationary noi_se cur-

f2 rent can be written as the product of a white stationary
given loaded quality facto®, the phase noise spectral  process and a deterministic periodic functiofx) , also
density will be all the more low that the resonator dis- ¢zjled the Noise-Modulating Function (NMF) [4, 7, 8],
sipated powePs will be high. However, the dissipated  strongly correlated with currents waveforms of the os-
power in the resonator corresponds to the difference be-jjjator, the cyclostationary noise can be treated as a sta-

tween the output and input powers of the active part un- tionary noise by introducing the effective ISF given by
der oscillation conditions. This difference represents, i [3].

fact, the added power of the oscillator ampilifier. et (X) =T (X)-a(x) 3)

Thus, for a given loaded quality factor, the transistor
must be operated under oscillation conditions as close as Thus, the phase noise due to the cyclostationary cur-
possible to its maximum added power state [2]. How- rent noise source is expressed by (2) repladidgs
ever, equation (1) predicts the phase noise infrlgee- _by_rgff.,_ ms COnsequentiyl'ett, rms Needs to be min-

imized in order to reduce phase noise significantly. In

gion mainly due to the tank parallel resistor of the res- other words, the transistor would remain off almost all
onator. The Leeson model additionally introduce the gfihe time, waking up periodically to deliver an impulse
factorF as a multiplicative factor, to take into account of current at the signal peak of the oscillator, where the
for the phase noise due to the active part, but without |gg (T (x)) has its minimum value, i.e., when the noise
knowing precisely what it depends on and how to reduce g phase noise conversion is at a minimum [5, 9]. Thus,
it. Unfortunately, the noise generated by the transistor e transistor must be operated in class-C under oscilla-
is usually the main phase noise contributor in oscilla- {jon conditions in order to reduce significantly the phase
tors and VCOs. Thus, the simplifying assumptions of ngise due to the cyclostationary noise sources.
this model have been revised particularly by Hajimiri As a conclusion, the Leeson-Cutler phase noise
and Lee [3, 4], who explicitly showed the time-varying mqgel states that, the phase noise spectral density will
nature of phase noise generation. be all the more low that the resonator dissipated power

The key concept in their linear, time-varying (LTV)  (py) will be high and thus that the transistor must be
phase noise theory is the Impulse Sensitivity Function gperated under oscillation conditions as close as possi-
(ISF), whose calculation leads to a very accurate pre- pje tg its maximum added power state [2] for a given
diction of phase noise due to stationary and cyclosta- |gaded quality factor, whereas, according to the phase
tionary noise sources in the oscillator. Thus, according npise model of Hajimiri and Lee [3], the transistor must
to the ISF theory, the total single sideband phase noisepe pperated in class-C under oscillation conditions in
spectral density in thca;li region of the spectrum due to ~ order to reduce significantly the phase noise due to the

cyclostationnary noise sources.

Consequently, from the designer point of view, a crit-

ical choice, depending partly on the technology used,

one current noise source on one node of the circuit at an
offset frequencydw is given by [3]

2 /nf .2 between those two operating points needs to be done in
L (Aw) = 10-log (M) ) order to reduce phase noise. Thus, to easily determine
2 Ofnax Dw this optimal operating point of the active part for given

_ specifications in terms of power consumption, oscilla-
wherei,?/Af is the power spectral density of the cur- tion frequency and for given devices (i.e., transistor and
rent noise source in questioR, is the rms value of  resonator) and loaded quality factor, the rigf oscil-
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lator topology must be chosen. Indeed, this latter must
provide a fixed loaded quality factor for different oper-

ating point of the active part within the oscillator. Such Lip = L Lout = _
a topology is analyzed in detail in the next section. Bin - & Bout - (o @)
- 1
in —
Vv i Nout = vV RoGi
3. LC oscillator theoretical analysis RoGin out = VRoGin

WhereB;, andB, are respectively the susceptance of

A typical oscillator topology essentially consists the input and output admittance of the transistor. Once
of a transistor limiting amplifier and a frequency- these matching conditions are achieved, the amplifier
determining element or feedback network. In our case, can be described by the circuit shown in Fig. 2(b) with
the transistor used is a SiGe HBT and the feedback net-the following expression foBmeq:
work is made of ai.C resonator as shown in Fig. 1 Nin

Such an oscillator topology can be modeled by a Gmeq= Gm- —— )
quasi-linear representation in the frequency domain as . . out
shown in Fig. 2(b) [2, 10]. Let us note that this This equ_|valent transcor?ductan(%eq can also be
linearization implies that the non linear elements are €XPressed in terms of maximum power gain of the am-
approximated by their equivalent values calculated for Plifier. Indeed, once the 50 matching conditions are
the oscillation amplitude at the oscillation frequerfgy ~ @chieved, the maximum power gain is given by

[10, 11]. 1
POUt é ’ GO 'V<)2ut
e . . GPmax: Pi = 1
3.1. Amplifier theoretical analysis in 5 Go-V2
Let us consider the simplified linear representation yhere
of the amplifier shown in Fig. 2(a) wher@,, Cpn, Vo — ,L.G \V:
Gout, Cout FEpresent respectively the transistor input and ot TS Gy med i
output conductance and capacitar@g,is the conven-
tional positive large signal transconductance of the tran-
sistor and_in, Lout, Nin, Noyt are matching elements. Let 5, *™ Ll o
us now suppose that, for a given bias point, the amplifier . J_Gm-Vi Jgom .
is large signal matched B8y = 1/Ry (Ry =50 Q). Vin | L 36, C:r () T Lo ou
Then, the matching elements cited above can be cal- A > B

: - ionshios - N B
culated using the following relationships : —— ~

Vad t= (O] L A, ln lou _B
C
.

Cdout o
. G%
1

LTI ’

= n,:l (b)
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5
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Figure 2: Simplified linear representation of the@®natched ampli-
Figure 1: Oscillator schematic fier (a) and the oscillator (b)



so that and then

Pout 1 1
=2- oy [ = Gp=Gq- [ — — — 8
Gmeq 2 GO Pm (6) R 0 <n22 n]_2 ( )
As we will see in the next subsection, the determi- Combining (7) and (8) now yields
nation of Gmeq will allow us to determine directly the

coupling coefficients; andn; (Fig. 2(b)). M- (2 G — N2Gmeg) =0
3.2. Oscillator theoretical analysis giving only one physical solution faw:

Let us remind that the oscillator topology chosen ~ N2Gmeq 9
can be represented by the schematic shown in Fig.2(b) M= 2Go ©)

where the resonator is modeled byGa conductance

and aBg susceptance with coupling coefficiemgsand

ny. In these conditions, the equivalent schematic of the , Go 4Gy?

oscillator in the resonator plangj is given in Fig.3. ny® = G < G 2)
R meq

whereGmeqis calculated, for a given operating point of
the amplifier, using (6).

GJn?  Gg Br  Gyn2S -Gpednyy Once these coupling coefficients are calculated, let
us determine the loaded quality factor of the resonator.
To do this, the conventional rigorous expression of the
loadedQ-factor calculated at a particular point in the
circuit is reminded [10] :

Now, substituting (9) into (8) gives

(10)

i

Figure 3: Equivalent schematic of the oscillator in Hieplane
- Estored wp 0B
Thus, the oscillation conditions can be written, at the Q= - Piiss 2G 0w @
oscillation frequencyfy, as

(11)

whereawy is the resonant pulsatioBgqreqis the average

Go Go Gmeg 0 @ energy stored in the circuiByiss is the average dissi-
m2 m2 ngonp

Note that we consider here that the oscillation fre- )

quency fo is the same as the resonant frequency of conductance and the susceptance slope at the considered

the LC resonator so thaBg — 0. Furthermore, for a  Point of the circuit. _

given operating point of the amplifier and once the0 In the %-plane, the susceptance slope is perfectly
matching conditions are achieved, the feedback network Known and is equal to@in the case of a parall®LC
must present a 5@ load at the amplifier output at resonator. Thus, the susceptance slope itkgane is
the oscillation frequencyo. This case is illustrated on ~ constantand we call B so that

Fig.4.
B 0BRr

G, 0w |4,

1 whereBg is the susceptance in tl¥é-plane.

Gr+

B . -
pated power and g—w are respectively the positive

(12)

Iy
° ° ° Let us now determine the positive conducta&e
Co Cr . the Z-plane. According to Fig.4, we have
Gy Go
= =+ — 1
[ G=Ggr+ 2 + ~ (13)
Substituting (9) and (10) into (13) yields

Figure 4: 50Q matching condition of the feedback networkfat

ZGRGmqu
Thus, we have G= Gmed — 4Go? (14)
Go 2 Then, from (11), (12) and (14), the load&dfactor of
Go = n,2 +Gr )12 the LC resonator can be written as
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4. Determination of the optimal operating point of a

Q=— 2 8 (15) SiGe HBT LC oscillator
4GRGmeq
Gmed — 4Go? 4.1. Simulation conditions
Furthermore, the expression of the unloaded quality fac-  As mentionned previously, the oscillator schematic
tor of theLC resonator is the following used for the simulations on Agilent’s software ADS is
o shown on Fig. 1. The active part is made of a SiGe
Qo= 2GR B (16) HBT with double base contact and an emitter area of

20.32 un? from a Q35 um BiCMOS SiGe procesd..
is an ideaDC feed,Cd, andCd, are ideaDC blocks,
IBg is a bias current source which will allow to fix the

So that, the loade@-factor can be expressed in terms
of Qg as follows

Qo 4G2 mean collector curren€Cy of the transistor antin, Lout,
Q=—=" (1— 2) 17) Nin, Nout @re the matching elements whose expressions
2 Grmed out
are given in (4).
It can be concluded, from (17), that the load@e The feedback network is made of &€ resonator

factor of the resonator is close @/2 for high values  with the coupling coefficients; andn, calculated using

of Gmegq(i.€. for high amplifier power gain). In practice, (9) and (10). The value df, andC; are fixed so that the

we will see in the next section that this is always the case oscillator will oscillate at 19 GHz In this case, the in-

when a large voltage swing across the resonator need toductance valug, is 1.3 nH with an associate® factor

be achieved in order to reduce phase noise. of 12 at 19 GHzand the capacitance valGgis 5.4 pF
Consequently, according to the theoretical analysis with an associate factor of 60 at 19 GHz Note that

performed here, we can say that the chosen oscillatorthe quality factor of the passive elements constituting

topology allow to maintain a fixed loaded quality fac- the resonator are those provided by tha50um BiC-

tor especially for a large voltage swing across the res- MOS SiGe technology used. From the above data, the

onator. Furthermore, the operating point of the ampli- conductanc&g of the resonator can be calculated. In-

fier can be easily controlled under oscillation conditions deed, considering the simplified serial representation of

through the determination of the coupling coefficients an inductor shown in Fig. 5(a), the quality factor can be

n; andny. expressed as follows
3.3. Successive steps to obtain the oscillationyeof Q= Lsw (18)
a given operating point of the amplifier s

We can now state the sequence to be carried out towherew is the working pulsatiori,s the inductance and
obtain the oscillation at a frequendyfor a given oper- 4 the serial resistance used to model the inductor losses.
ating point of the amplifier: Furthermore, let us note that the inductor can also be

1. Choose a transistor and b resonator (depend- re_presented by its equivalent parallel model as shown in

ing on the technology provided): Fig. 5(b) wherd_, andRp, can be expressed as

2. Get the desired amplifier operating point for a

given transistor bias point using a nonlinear sim- Lo=Ls
L for @®>1 (19)

ulation; Ry~ e Q2

3. Calculate the 5@ matching elements using (4); p—s

4. Calculate the equivalent transconductai@geq Thus, for aQ factor of 12 at 19 GHz we haveR;, =
using (6); 1862 Q andLp = 1.3 nH.

5. Calculate the coupling coefficiems andn, using In the same way, the capacitor can be represented
(9) and (10). by its equivalent simplified parallel representation as

) ) shown in Fig. 6. The expression of the quality factor
From that point, the phase noise spectrum of the 0s- 5 thus the following

cillator can be determined, using a nonlinear simulation,

for the amplifier operating pom'g cho;en. Thus, the next Q=R.-C-w (20)

section presents the phase noise simulations of.he

oscillator of Fig. 1 for three cases of the active part op- wherew is the working pulsatior the capacitance and

erating point in order to determine the optimal one. R: the parallel resistance used to model the capacitor
5
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Figure 5: Simplified serial (a) and parallel (b) represeatatf an
inductor
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Figure 6: Simplified parallel representation of a capacitor
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Figure 7: Parallel representation of th€ resonator

losses. So, for a capacit@rfactor of 60 at 19 GHz we
haveR. = 9307 Q.

Thus, the equivalent parallel representation of the en-
tire resonator is given on Fig. 7 and the conductaBge
of the resonator can be calculated as follows

_RotRe
RpRc
Once the presentation of the oscillator circuit done,

let us remind the conditions in which the simulations
will be performed. They are summarized in table 1.

=6.4mS

Gr (21)

4.2. Influence of the amplifier operating point

In this sub-section, three cases of the amplifier op-
erating point will be compared in order to verify their

Table 1: Simulation conditions

Transistor SiGe HBT
Ly 1.3nH
C 5.4 pF
Supply voltage Vyg 2.7V
Current consumption ICq 3.5mA
Oscillation frequency 1.9GHz

first one corresponds to the operating point where the
amplifier deliver a low added power. The second one
corresponds to a maximum added power operating point
and finally, the third one corresponds to a cl@ssper-
ation. Then, the phase noise spectrum of the oscillator
will be compared in each case. Let us note that each op-
erating point is obtained using a nonlinear simulation of
the amplifier alone with Agilent’s software ADS which
allows to determine the inpuY;g) and output Yout) ad-
mittance of the transistor.

For the first case which corresponds to a low power
added operating point, we have an input power of
0.0032mW, an output power of 31 mW and thus, an
added power of ® mW. In these conditions, the input
and output admittance values are

Y;n = 0.0006307 j0.0162263Q 1
Yout = —0.0058175+ j0.0024814Q 1

Using the above values, the sequence, detailed in sub-
section 3.3, to obtain the oscillation a®I1GHz for a

low added power state of the amplifier can be carried
out. So, the 5@ matching elements calculation using
(4) givesLijn =5.16 nH, Loyt = 33.7 nH, nj, =5.52 and

Nout = 0.54. The calculation of the equivalent transcon-
ductanceGmequsing (6) gives 119 Sand with the value

of the conductanc€g given by (21), we obtain, for the
coupling coefficientsn; = 52.3 andn, = 1.76 using (9)
and (10). Let us note that, with those values, the loaded
Q-factor of the resonator is@98x (Qop/2) using (17).

For the second case in which the amplifier is opti-
mized for a maximum added power operation, we have
an input power of M093 mW, an output power of
4.58 mW and an added power of3 mW. The input
and output admittance values are

Yin = 0.0003229+ j0.0115764Q *
Yout = —0.00406984+ j0.0024695Q *
ThuS,Lm - 723 nH, Lou[ = 339 nH, nm - 77, nout -

influence on phase noise simulated performances. The0.45 andGmeq= 0.869S. This leads tay; = 38.22 and
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n, = 1.76. Furthermore, with those values, the loaded phase noise at MHz frequency offset is improved by
Q-factor of the resonator is@37x (Qp/2). 5.5 dB compared to the maximum added power case.
Finally, for the third case in which the amplifieris op- As mentioned in section 2, this result can be explained
timized for a clas<z operation, we have an input power using the linear, time-varying (LTV) phase noise theory
of 0.062mW, an output power of 25mWand anadded  of Hajimiri and Lee [3, 4]. Indeed, let us remind that

power of 418 mW giving : the dominant noise sources of the transistor are often
cyclostationary and to reduce significantly phase noise
Y;» = 0.0000863+ j0.051851Q 1 due to the cyclostationary noise sources, the transistor

_ . 1 would remain off almost all of the time, waking up peri-
Your = —0.0037768 j0.00299480 odically to deliver an impulse of current at the minimum
Thus, Lin = 16.15 nH, Loyt = 27.97 nH, nj, = 14.99, of the collector voltage, where the ISF (x)) is close

Nout = 0.4345, Gmeq= 0.326 S, ny = 14.23 andn, = to zero. Furthermore, this impulse of current must be
1.748. The loade®@-factor of the resonator is.985x as short as possible so that the rms value of the effec-
(Qo/2) in this case. tive ISF is small. This leads to a cla€seperation of

It is important to note, at that point, that the maximum the active part within the oscillator. To corroborate this,
loadedQ-factor variation between the first and the third the collector current and collector voltage of the SiGe
case is only B %. Thus, as expected from (17), we can HBT used are plotted on Fig. 9 for the three different
say that the chosen oscillator topology allow to maintain matching conditions. Furthermore, Fig. 10 shows the
afixed loaded quality factor (close @ /2) for the three normalized collector current, the approximated ISF cal-
cases of the amplifier operating point studied. culated on the collector of the transistor and given by

The phase noise spectrum, for each case of the ampli-[3]
fier operating point, simulated with Agilent’s software
ADS is then plotted on Fig. 8. f (x)

Itis clear that the added power is an important param- (="

, : " imp (fma)
eter for oscillator phase noise reduction since the phase
noise of the simulated oscillator atMHz frequency wherel (x) is the ISF at nodg, fi’ (x) is the derivative
offset is improved by almost 8B compared to the low , r\2.
added power case. So, we can conclude that, for a givenOf the waveform on nodeand | frma) is the squared
loaded quality factor, the phase noise spectral density is Maximum value of this derivative function, and the ef-
all the more low that the resonator dissipated power, and fective ISF which can be approximated by the multipli-
thus the added power of the oscillator amplifier, is high. cation of the ISF by the normalized collector current as

However, for theLC oscillator simulated here, the = Shown by (3).
crucial parameter is not the added power but the class- Note that, in each case, the surge of collector current
C operation of the amplifier as clearly shown in Fig. and thus, the surge of collector current noise, occurs at

8. Indeed, for a clas&-operation of the amplifier, the ~ the minimum of the collector voltage (Fig. 9), in other
words, where the ISF is close to zero (Fig. 10) i.e.,

when the noise to phase noise conversion is at a min-

(22)

-100 imum [5, 9]. Nevertheless, this impulse of current is
08 Low Faga clearly shorter in the case (c) than in the cases (a) and
PR R Max Pagq (b) which clearly demonstrate that the oscillator oper-
% 1;2_ \‘“l‘;‘/ ating in classz presents a smaller value of its effective
m -120+ ClassC . X .
S 125 ISF than that of the oscillator operating in a low or max-
é -130 imum power added state as clearly shown in Fig. 10.

g -1354 Consequently, we can say that the large improvement
£ -140- in phase noise noted between the case (b) and (c) is
g mainly due to the clas§-operation of the active part,
155 | for the reasons mentioned above, all the more that the

1E5 1E6 1E7 power added is slightly lower in the case (c) than in the
Offset frequency (Hz) case (b)

Those simulation results clearly show that the optimal
operating point, for the given specifications in terms of
Figure 8: Phase noise spectrum of the oscillator power consumption, oscillation frequency and for the
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Figure 10: Normalized collector current and approximated 488

ISFg¢f for (a) a low Padd operating point, (b) a maximum Padd oper-
ating point and (c) a clags-operation

Figure 9: Simulated collector voltage and collector curdtthe os-
cillator for (a) a low Padd operating point, (b) a maximum Papere
ating point and (c) a clags-operation

5. Applications

BiCMOS SiGe technology chosen, leading to the min- i , )
imum phase noise is the class-C operation of the active FTOM the conclusions of the presented simulations,
part within the oscillator with a maximum voltage swing ™o fully integrated VCOs have been designed and im-
across the resonator for a given loaded quality factor. Plémented on the same33 umBICMOS SiGe process.
Furthermore, let us note that the presented simulations € first one is a 35Hz Full PMOS,LC differential
can easily be reproduced with another technology (i.e., YO [12] and the second one, described here, is a dual
transistors and resonator) and thus, with the architec- Pand.LC differential VCO.
ture presented previously and the technology provided, The design of this latter will be treated in sub-section
designers could easily know which operating point of 5.1 and sub-section 5.2 presents the measurements re-
the active part leads to the minimum phase noise. sults.
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5.1. VCO design VDD

Fig. 11 shows the VCO schematic using a cross- |
coupled differential pair VCO topology. The feedback

of the VCO is performed by a capacitive cross-coupling Vswitch 5 > 2.2

) . . (0-vDD) ?;/- >§ L
of the collector and base terminals of the differential Q P 3
pair. Note that the transistors are the same as those used B % % % i

for the simulations presented in section 4. The current
source Bias1 drawsmAwith a ratio of 14 which reduce
significantly the power consumption. The frequency of
oscillation is determined by theC-Tank at the collec-
tors. The tuning range depends on the global capac-
itanceC variation and thus on th€myay/Cmin ratio of

the varactor diodes and on the AC coupling and nMOS
capacitors. For frequency band switching, nMOS tran-
sistors operate as variable capacitors. Those transistors =

are used in inversion-mode (floating Drain-Source and

grounded Bulk) because of the wide capacitor variation Figure 11: Differential VCO schematic
that can be obtained in this case [13]. The use of a sym-
metric center-tapped inductor as opposed to two "un-
coupled"” inductors exploits the benefits of the coupling
factork to increase the inductance value and can lead to
a saving in chip area [14]. This inductor was fabricated
with the highest metal level, which presents a low resis-
tivity (5.5 mQ/sq). Electromagnetic simulations, with
Momentum software, result in a global inductance value
of 2.6 nH (1.3 nH on each side) and an associated max-
imum Q factor of about 12 at.® GHz A tail capacitor

Ce is used to attenuate both the high frequency noise 52 Imolementation and measurements results
components of the tail-current and the voltage variation =" P

on the tail node since the tail current source is not with- ~ AS mentioned previously, a8 um BiCMOS SiGe
out impact on phase noise performances [15]. Thus, the Process, which provides four metal layers withasm
most significant remaining noise source is the upconver- thick top metal, is used to implement the VCO. Fig.
sion of the flicker noise [16]. Since we use an NMOS 12 shows the microphotograph of the fabricated VCO
tail-current source for better current matching, the width Whose size is 525 860 ur?. During the layout, we
and the length of the NMOS tail transistor must be in- have focus on the symmetry of the balanced circuits.
creased to reduce the flicker noise which lowers signifi-  The tuning characteristic of the VCO is presented in

BiaslG

are consistent with the key point for phase noise min-
imization, describe in the previous sections. Indeed, a
low n value will force the transistor to remain off when
the ISF is maximum delivering periodically a peak of
current when the ISF is close to zero [3] and increasing
the tail current leads to an increase of the voltage swing
across the resonator since the VCO is working in the
current-limited regime of operation [16].

cantly the close-in phase noise of the VCO. Fig. 13. As expected in simulations, the VCO is tuned
To ensure proper startup of the oscillator, the follow- from 15to 178 GHzfor the lower band and from.G4
ing condition needs to be satisfied [6]: to 2 GHzfor the upper band with a tuning voltage vary-
ing from O to 27 V. The error on the prediction of the
Sl Rp > 1 (23) oscillation frequency is within 3 %.
n

The phase noise measurements were obtained using
wheregn, is the small signal transconductance of the Agilent E4407B spectrum analyzer and a battery is used
bipolar transistorsR, the resistive part of the resonator as voltage supply to avoid external parasitic signals.

andn the ratio of collector to base voltage: Fig. 14 shows the plot of the phase noise versus offset
frequency from a I8 GHz carrier (Vtune=27 V and
n=1+ G (24) Vswitch=0V).
C1 As can be seen on this figure, the VCO features a best
According to (23), better startup conditions will be case phase noise 6f98 dBc/Hz and —104 dBc/Hz
obtained with a lown value and a higlgy, of the ac- at 50kHz and 100kHz frequency offset respectively.

tive device, which requires a sufficient tail current of The phase noise curve shows30 dB/decadeslope
the differential pair. Fortunately, these two conditions between 10kHz and 20 kHz frequency offset and
9
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Figure 14: Measured phase noise versus offset frequency@&GHz

—20 dB/decadeslope between 2@Hz and 100kHz

The figure of merit, that has been introduced to com-
pare the performances of oscillators, is defined as fol-
lows:

FOM = L (Aw) [dBc/HZ + 10- log (Pdc[mW])
o
—20-log (E})
This result in & OM of -176 dBc/Hz for this design.

The measured performances of this SiGe VCO are
summarized in Table 2.

(25)

Table 2: Measured VCO performances summary

Supply Voltage 2.V
Power Consumption 18.9mw
Area 525x 860 unm?
Tunning Range 500MHz
(over two frequency bands)

Tuning Voltage 0-27V
Center frequency 15-20GHz
Phase noise @ 50kHzat 1.78GHz —98dBc/Hz
Phase noise @ 10kHzat 1.78GHz | —104dBc/Hz
FOM —176dBc/Hz

6. Conclusion

An original method for determining the optimal oper-
ating point of the active part of drC oscillator leading
to a minimum phase noise for given specifications in
terms of power consumption, oscillation frequency and
for given devices (i.e., transistor and resonator) is pre-
sented in this paper. To achieve this optimal operating
point, a propet.C oscillator topology, which provides a
fixed loaded quality factor for different operating points
of the active part, is studied and simulated. The pre-
sented simulation results clearly show that the optimal
operating point, for the power consumption, oscillation
frequency and the BiCMOS SiGe technology chosen,
leading to the minimum phase noise is the class-C op-
eration of the active part within the oscillator with a
maximum voltage swing across the resonator for a given

frequency offset and reaches the noise floor of the spec-loaded quality factor. From this conclusion, a fully inte-
trum analyzer beyond. Thus, the phase noise measuregrated,LC differential VCO has been designed and im-

ments beyond 10RHzfrequency offset is not accurate.
However, assuming a6 dB/octave slope between
100kHz and 1MHz frequency offset, one can expect
a best case phase noise value of abel24dBc/Hz at
1 MHzfrequency offset.

10

plemented on the same 0.8 BiCMOS SiGe process.
The fabricated VCO is tuned over two frequency bands
from 1.5 to 2 GHzwith a tuning voltage varying from

0 to 27 V. The optimized measured best case phase
noise is—98dBc/Hzand—104dBc/Hz at 50kHzand



100kHzfrequency offset respectively undei72/ sup-
ply voltage with only 7mAcurrent consumption.
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