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Abstract—A set of fully integrated voltage-controlled oscillators TABLE |
(VCOs) in the 5-8-GHz frequency range has been designed and BAsIC DATA FOR THE TECHNOLOGIESUSED IN THIS PAPER
manufactured in Si bipolar and Si/SiGe-heterojunction-bipolar-
transistor technology. A minimum phase noise of—100 dBc/Hz Process SiGe Si
at 100-kHz off carrier was measured for 2-V supply voltage and Parameter Temic  Ericsson
16 mW of power consumption. SiGe VCOs give considerably better fr (GHz) 50 23
phase-noise performance than Si bipolar VCOs for the technolo- fnax (GHz) 50 38
gies investigated herein, using similar topologies. Beta 200 85
Va (V) 50 20
Index Terms—Heterojunction bipolar transistors, inductors, in- Rg (kQ/0) 1.5 6
tegrated circuits, microwave radio communication, phase noise, sil- BVceo (V) 3.5 5.1
icon, voltage controlled oscillator. 1/f (kHz) 1 35
Sub. (Qcm) 20 1
Metals 2 4
|. INTRODUCTION Isolation junct. | trench

OLTAGE-controlled oscillators (VCOs) are critical

building blocks in all communication transceivers, .. . . . . . I : . .
9 n]ultlpomt distribution services. Si/SiGe heterojunction bipolar

Constraints on phase noise and tuning range are pamcu'%wnsistor (HBT) devices have shown excellent potential for

demanding when aiming at fully integrated solutions for L . . .
. - . these applications and for fiber-optics communication up to
wireless applications. A considerable amount of resear

has been devoted to integrate VCOs in the 0.8—2.5-G|§Z G.HZ [11]—[17].Hoyvev_er, the effort_to ut[llzethlstechnology
. . ) . - in wireless communication applications is yet to accelerate.
region, and impressive results have indeed been obtai

e i
[1]-[8]. Integrated solutions for cordless standards such ria?s he higher frequency bands, today, GaAs seems to be the

digital European cordless telecommunication (DECT) apredomlnanttechnology [18]-[25]. As an attempt to investigate

already at hand, but for more stringent standards where I3 potential for Si/SiGe technologies in wireless applications,

constraints on spectral purity are higher, e.g., global SystQ/né:S ozat‘zfrusp;eiiegiss-gSEthfn;u!%;)lﬁct;Z?igarfgd low-phase-noise

for mobile communication (GSM), requirements are harder to
meet. Distributed high-data-rate wireless local area networks
(WLANS) are becoming increasingly popular, especially in the Il. TECHNOLOGY
5-GHz bands. Due to the shorter wavelengths in these bands,
the necessary geometry to realize integrated reactive deviceshe VCOs presented in this paper, were manufactured in
shrink to dimensions such that fully integrated solution withEMIC Semiconductor’s production Si/SiGe HBT technology
acceptable quality factors are more feasible. Si-based solutidg] or in Ericsson Microelectronics’ Si bipolar process.
appear to be dominating in this frequency range [9]-[12]. In TEMIC'’s technology, the n-p-n devices offer a pegk
However, frequency generation at communications bandsand f... of 50 GHz, a base—emitter forward voltage d(dpr)
excess of 5 GHz is gaining in importance, e.g., for line-of-sitef 0.75 V (enabling low supply voltages), and a base pinch re-
microwave communication, satellite communication, angistance of 1.5%®/square. Furthermore, there are two layers of
interconnect, several resistor configurations, and nitride capac-
itors. The technology has already been used to develop several
Manuscript received March 6, 2000; revised August 23, 2000. This work watoducts for wireless applications.
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For a spacing larger than the optimum spacing@Hactor de-
creases due to the poor balancing of longitudinal currents. For
J7 a spacing smaller than the optimum spacing, ¢héctor de-
creases as a result of the increased negative mutual inductance
Fig. 1. Simplified schematics of the VCO core. (cf. @ = wL(M)/R, wherelL is the inductance including, mu-
tual inductancej, andR is the series resistance).

Simulation of inductors, including that shown in Fig. 2,
was performed in commercially available software (Agilent

A differential topology using emitter-coupled pairs withMomentum). To prove the concept, a large number of opti-
cross-coupled feedback was used to realize the VCOs (Fig. mjzed test inductors and other passive components have been
To increase the range of voltage swings in the resonator, withd@gricated and evaluated [29].
having the transistors entering saturation, either capacitors oPhase noise was simulated and optimized using the periodic
emitter followers were used in the feedback path. With respesteady-state analysis in Cadence SpectreRF, where a linearized
to setting the dc-operating point of the circuit, two types ofoise analysis is performed around a periodically varying op-
designs were made: one using only resistors for current contésating point. Occasionally the simulations were compared to
(type 1) and one using transistor-based current sources (type $ijnulations made in Agilent MDS, taking the worst of mixing

For the SiGe VCOs, the base—emitter junction of the n-gnd modulation noise. Phase noise was found to agree to within
n-Si/SiGe HBT was used as a varactor diode for tuning of tR«lB between the simulation methods. Pushing factors were also
oscillators, whereas for the Si-based VCOs, a dedicated varagignulated in SpectreRF, by varying the supply voltage and ob-
structure was used. Thg factor of the varactor—diode config-serving the change in oscillation frequency.
uration was simulated to be around 25 at 5 GHz. Special attention was paid to making the layout of the dif-

Inductor geometry was carefully optimized to achievéerential circuits as symmetrical as possible. This is clearly vis-
high<Q factors without introducing additional masks andple in the die photographs of Fig. 3. Furthermore, the inductor
processing steps [27]. The highly doped channel stop layer wiagout and their placement relative to the core of the VCO was
thus removed from under the inductors to reduce the losg@sefully evaluated. The channel stop layer was thus removed
associate with these layers. Additional improvement in th#der and around the entire resonator, except in a small area
inductor( factor is achieved by reducing the losses associatagpund the varactors. The distance between the inductors was
with the low resistivity of the silicon substrate. Currents in thalso optimized using the concept of canceling substrate currents.
inductor strips induce both transverse (between the strips) dvi@st of the resonator was surrounded by a sheet of grounded
longitudinal (along the strips) currents in the substrate. Tieetal to ensure good ground conditions at the center of the dif-
losses due to these substrate currents are reduced by optimif@figntial inductors. The ground metal was kept at a distance of
the layout of the inductor [28]. about 100:m from the resonator to minimize its influence.

This is demonstrated in the example shown in Fig. 2 of a
single-turn inductor on a 0.&cm silicon substrate. In this ex-
ample, the Si@ layer thickness is 5.@m and the thickness of
the Al strip is 3.0pum. @ factors reaches a maximum at a cer- The VCOs were wire bonded onto a Cu/Duroid/Brass sub-
tain spacing, i.e.s, between the strips (see inset in Fig. 2). Fastrate. A fixture was used to connect the signal and hold the
a given substrate resistivity, oxide thickness, and frequency, teishstrate (Fig. 4). Single-ended measurements were performed
spacing corresponds to an optimum canceling (balancing) of @m one of the differential signals, while the other was terminated
posing substrate currents, induced by the strips of the inductoy.a 50£2 surface-mounted resistor on the substrate. Twice the

Ill. CIrRcuUIT DESIGN

IV. RESULTS
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Fig. 4. VCO mounted on measurement substrate and placed in fixture.

TABLE I
SUMMARY OF PERFORMANCE FROMSINGLE-ENDED MEASUREMENTS
OF THE DIFFERENTVCOSIN THIS PAPER

Frequency X . .
(GHz) 4.90 4.93 5.94 7.73
Bias (V) 2.0 2.8 3.8 5.0
Pgiss (mW) 46 152 153 420
Paiss’™ (mW) 16 47 67 110
Pou(dBm) -13 -10 ) %
£100kHz
(dBc/Hz) -100 -94 -90 -88
Pushing
(MHZ/V) 10 - 100 175
- . . , Simulated 12 12 17 14
Fig. 3. Die photograph of two of the VCOs, exemplifying two different inductor Q
inductor layouts. (a) 7-GHz SiGe VCO measuring1l mn?. (b) 6-GHz Si E.OM [33] 181 a7 167 -165
VCO measuring 1x 0.85 mn¥. (dBc/Hz)

output power, compared to what is given below, is thus availal{leig. 5). The phase-noise performance exhibit little or no sen-
in differential form. In addition, the noise floor is, accordingsitivity to supply voltage variations withig-0.15 V. The vari-

to simulations~2 dB lower for the differential output than for ation of the oscillation frequency, during the same experiment,
the single ended. The whole setup is placed in a shielded heas measured to 10 MHz/V (pushing). When tuning the oscil-
with coaxial cable connections to dc supplies and measuremkor within 300 MHz, the phase-noise variation was less than
system. 2 dB. The noise floor was not reached in the measurements, but

Two different measurement systems were used, a convenise seems to keep falling beyond th&40 dBc/Hz measured
tional 26-GHz spectrum analyzer with phase-noise option ana&al0-MHz off carrier.

Europtest PN9000 dedicated phase-noise measurement systeffor type-ll SiGe VCOs operating at the same frequency, the
based on the delay-line discriminator technique. The two mdaest operating conditions were achieved already at 2.8-V supply
surement systems gave phase-noise results identical to withiftage. The phase noise was measured to be 6 dB higher than
2 dB for frequency offsets greater than 70 kHz. For lower ofthat of type-I VCOs. The measured power consumption for the
sets, the delay-line technique provides more reliable results.VCO core was, in this case, measured to be 47 mW. The differ-

Best measurement results for the different oscillators are suemce in phase-noise performance was reasonably well predicted
marized in Table II. by simulations.

For a first set of type-1 SiGe VCOs, a free-running frequency Another set of SiGe VCOs was designed for considerably
of 4.8 GHz was achieved at 2.0-V supply voltage. The powhigher free-running frequencies. Three different VCOs oper-
dissipation was measured to be 46 mW, including buffer arating at frequencies in the range of 6.0-8.1 GHz were thus
plifiers and the 532 driver. The core of the VCO, including demonstrated. These oscillators, all of type I, exhibit somewhat
the output emitter followers, consumed only 16 mW of poweworse phase-noise performance than the 4.8-GHz versions, as
The phase noise of the oscillator, under these operating coreiemplified by a 7.5-GHz free-running frequency oscillator in
tions, was measured to bel00 dBc/Hz at 100-kHz off carrier Table Il. On the other hand, the tuning range was designed to be
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their identical topology, is quite interesting. First, the slight

L(f> dBc/Hx

o , frequency difference would as a rough estimate account for
§§ ; only 1.6 dB of the observed 10-dB difference in phase noise,
g using the20 log( f2/ f1) noise multiplication factor.
<o P A reason for the differing phase noise could be the much
e P higher1/f corner frequency of the Si bipolar process used.
oo v N W Of course, using a single/ f corner frequency extracted from
i measurements of total output low frequency noise, as a gen-

ol 100k e  eral measure of low frequency noise is not correct, since this

is transistor size and bias current dependent. Nevertheless, it is
Fig. 5. Phase noise of 2.0-V 4.8-GHz VCO. The spurious signals aroup@efy| as a rough measure of technology performance. How-
500 kHz are due to ground loops and have subsequently been removed. . . . . .
ever, simulations indicated a much smaller difference in phase
noise than measured, i.e:100 dBc/Hz for the SiGe VCO and
7.8 —r —97 dBc/Hz for the Si VCO at 100-kHz off carrier.

77L Another difference between the SiGe and Si technologies is
the substrate resistivity that influences tevalue of induc-
§ (& tors and capacitors. However, simulations and preliminary mea-
o 7S surements of separate resonator structures, indicate only small
g 74r differences in@@ values (12-15). Nevertheless, substrate cou-
g 73l pling between components in the VCO may have an influence
g 70l on phase-noise performance. However, at this time, we have not
e been able to perform reliable simulations including these ef-
[ fects.
Te— 4'4 . :'3 : é L 1' — For the VCOs presented in this paper, there seems to be a cor-

relation between the high pushing factor and high phase noise. A
high pushing factor indicates a high sensitivity to disturbances.
Since disturbances are difficult to take into account in simula-
tions, a possible increase in phase noise due to this sensitivity
. . ) . may not necessarily be observed in simulations. The reason for
twice as large, i.e., 600 MHz (Fig. 6). Also, in the feedback Gf,q \arying pushing factors is not yet fully understood, but simu-

these VCOs, capacitors were used as opposed to the 4.8-Glig, ¢ give pushing factors that are within 50% of the measured
VCOs, where emitter followers were used. values

: i ) . alues.
Finally a 5.8-GHz type-I VCQ was designed m_the S_l bipolar In comparing the 5.8-GHz Si VCO with the 7.5-GHz SiGe
technology. The topology of this VCO was made identical to tk\(;co a much smaller difference in phase noise between the

topology of the type-I 4.8-GHz SiGe VCO to facilitate compargy yno|ogies is observed. However, in the 7.5-GHz SiGe VCO,

ison between the technologies. This VCO had a measured ph@&ﬁaeitive feedback was used, whereas in the Si VCO, emitter

noise of—90 dBc/Hz_at 10_O-kHz off carrier, significan_tl;_/Worsefollower feedback was used. In the comparison between the
than the corresponding SiGe VCO. The VCO was originally dg-g_ Gy, siGe VCO and the 7.5-GHz SiGe VCO, which differ
signed to operate at3.3V. The circuit performt—;d reasonablywmginly in the topology of the feedback, it is obvious that the
at 3.3 V, but phase-noise performance was improved by 2 dRyiter follower feedback gives the lowest phase noise. We
|f_t_he supply voltage was m_cregsed to 3'8 V. At this bias COave also confirmed this observation in other VCO designs.
dition, the power consumption is much higher than that of thg,q efore, the relevant comparison is between the 4.8-GHz
corresponding SiGe VCO. SiGe VCO and 5.8-GHz Si VCO, having identical topologies.
There are two reasons for the higher power consumption re-
quired for the Si VCOs to reach optimal performance as com-
The type-l and type-ll 4.8-GHz SiGe VCOs differ only inpared to the SiGe VCOs. One reason is the hidhgrrequired
their implementation of current sources. Therefore, we attributeturn on the Si transistor, which, in turn, requires a higher op-
the significantly higher phase noise of type-Il VCOs to originaterating voltage. The other reason is the higher biasing current
from the parasitic base—collector and collector—substrate capdensity required to reach the same operating frequency for the
itance in the current source transistor of these VCOs. These Batransistors compared to the SiGe transistors. Taken together,
pacitors allow some of the high-frequency switching voltagebese two effects amount to a considerable difference in power
present at the emitters of the VCO-core transistors to modtsnsumption.
late the current sources, at excess phase conditions, thereby if=rom Table II, it can be concluded that the dc—RF conversion
troducing additional phase noise. Simulations showed that tbificiency in a 5092 system is quite poor. However, the VCOs
noise sources in the current sources themselves only haveeaigned here are primarily intended to be integrated with other
minor impact on VCO phase noise. circuits, like mixers, dividers, or limiters. These circuits would
The large difference in phase noise between the typédrve fairly high input impedance and mainly requires a reason-
SiGe 4.8-GHz VCO and the type-l Si 5.8-GHz VCO, despitable voltage swing. The output of a VCO with on-chip load

Control Voltage (V)

Fig. 6. Tuning performance of a 7.5-GHz VCO.

V. DISCUSSION
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to its frequency range, all technologies counted. Second, there

. 00— omos T is no clearly discernible difference in phase-noise performance
§ 70 _ E Eigﬁ{mﬂ( _ between the different technologies. Of course such a compar-
1:, E X SiCetis o ] ison sho'uld be done with great care since ope.ratlng frequen-
T g0 o GaAsFeT - ] cies, tuning ranges, and power consumption varies between the
S F O [V HEMT a ] oscillators. It should also be noted that Si/SiGe bipolar technolo-
‘g 90 | o x5 3 gies, in general, have the best low-frequency noise performance,
2 C ] whereas llI-Vs, in general, have inductors with higgevalue.
§-1oo E ] Nevertheless, the large number of data in Fig. 7 indicates no
g [ ] obvious differences in the overall phase-noise performance be-
-1101 - '”1'0 — "1‘00 tween the technologies. This observation tends to favor CMOS
Frequency (GHz) VCOs in the lower frequency bands and Si/SiGe VCOs in the

higher frequency bands since these are, generally, the least ex-
o 7 Literat _ o e of fullv intearated VCCPensive technologies in their frequency bands, respectively.
ig. 7. Literature comparison on phase noise of fully integrate S A .
[1]-[13], [15], [18]-[25]. All data have been normalized to an offset frequency . To benchmark VCOs m. different frequency bands and with
of 100 kHz, using the formula [R00 kHz) =£]( forreor)—2010g(100/ forer)  different power consumption, a FOM given by
where f.r.o0 iS the offset frequency (in kilohertz) where phase noise was
measured. The solid line represents a fit assuming a slope of 20 dB per decage: )
P 9 P P %(BM = i’meas(foffset) — 20 % 1Og(fosc/foﬂset)

+10 * log(Paiss/1 mMW)

could thus be taken directly from the output emitter followers in
the VCO core or possibly through a single buffering stage. Titigis been proposed [32]. Herg,£. ( fosset) iS the measured
power consumption of the VCO core is thus a more meaningisthase noise at a frequency offseli... from the center fre-
figure-of-merit (FOM) than the dc-RF conversion efficiency. quency f..., and Py is the VCO power dissipation in milli-

The correlation between phase-noise simulations and meaitts. Using this definition for the type-1 4.8-GHz SiGe VCO,
surements is within 7 dB at 100-kHz offset frequency. Part @fFOM of —181 dBc/Hz is obtained. This is, to our knowledge,
the problem in predicting phase-noise performance, is the diffire best FOM ever published [11], [32] for a fully integrated
culty in modeling inductors, capacitors, transmission lines, avt 0, using a commercial integrated-circuit (IC) technology.
pads. In particular, it is difficult to predict the substrate resis- The FOM of the type-Il 4.8-GHz SiGe VCO is171 dBc/Hz.
tance in the presence of substrate inhomogeneities, e.g., dBough, considerably higher than that of type I, it is still com-
to the blocking of channel stop layers in different parts. Arpetitive. For the 5.8-GHz Si VCO, the FOM is167, and for
other uncertainty lies in the modeling of low-frequency noiseéhe 7.5-GHz SiGe oscillator, the FOMis165 dBc/Hz.
especially for small offset frequencies. Using a single noise cur-it should be noted that the FOM used here does not take
rent source in the base—emitter junction to model low-frequengiyhing range into account. Since there is a tradeoff between the
noise, as is done in the SPICE models used here, is an oygfase-noise performance and tuning range, large tuning-range
simplification, which may add additional uncertainties in th&COs, like the 7.5-GHz VCO presented here, are somewhat un-
simulations. However, our experience in using more advancggorably judged.
low-frequency noise models, does not show any appreciable dif-
ferences in phase noise at these offset frequencies. VI. CONCLUSION

The crossover from-30- to —20-dB/decade slope in the

phase noise versus frequency curve occurs around 30 kHz ofptate-of-the-art performance for low-phase-noise low-power,
carrier, in the SiGe VCOs reported in this paper. This is quiftlly integrated VCOs in the 5-8-GHz frequency range has been
far from the very lowl/f corner frequency. in the range of achl_eve_d. S_lGe is thus a su_ltabl_e teghnology for frequency gen-
1 kHz reported for this technology [26]. This indicates tffiat eration in wireless applications in this frequency range. For the

does not appear to be the correct parameter to use in LeesdffOs reported in this paper, the best SiGe VCOs exhibited con-

formula [30] for phase noise, as has been pointed out previouSiferably lower phase noise than the Si VCOs. Itis at this point
[31]. not possible to conclude if this is due to transistor performance
ar due to differences in substrate resistivity. By comparing the

In Fig. 7, the phase-noise performance of the VCOs pr : e _
sented in this paper is compared to results presented in literaifia|lts obtained in this paper and a large set of literature data on

over a large frequency range [1]-[13], [15], [18]-[25]. Om;ully integrated VCOs, it is concluded that no clear difference
best results of completely integrated VCOs using regul phase-noise performance can be observed between Si- and

processing techniques were included in the comparison. To digV-Pased VCOs.

the comparison on VCOs at different frequencies, a straight

line of 20 dB/decade has been fit to the data. Such a frequency REFERENCES
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