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Abstract—We present fully integrated high-performance baseband blocks that are already available in CMOS technology.
voltage-controlled oscillators (VCOs) with on-chip microelec-  Although CMOS technology has been a mainstream process in
tromechanical system (MEMS) inductors for the first time. MEMS the digital design community, it has not been considered as an
inductors have been realized from the unique CMOS-compatible o . . .
MEMS process that we have developed to provide suspended thick adequate process for RF circuit modules due to its high noise,
metal structures for high-quality (Q) factors. Fully integrated low operating frequency, and small transconductance. Recently,
CMOS VCOs have been fabricated by monolithically integrating the demand for system integration in wireless communications

these MEMS inductors on the top of the CMOS active circuits has attracted RF designers to build extensive RF circuit blocks
realized by the TSMC 0.18um mixed-mode CMOS process. qing CMOS processes with the help of recent advancement in

Low phase noise has been achieved as124 and —117 dBc/Hz ; .
at 300-kHz offset from carrier frequencies of 1 and 2.6 GHz, performance improvement of deep submicrometer CMOS tech-

respectively, in the fabricated single-chip VCOs. nologies. _ . .
Index. Terms—CMOS compatiblle,. inductor! microelectrp- fi Ir:tsplte of thgse .e?deavors’ In.telgratelf tVCICt)S Sbtlll have .dni_
mechanical system (MEMS), monolithic integration, phase noise, ''cU'ty IN €Merging into commercial markets. 1t 1S because In
voltage-controlled oscillator (VCO). tegrated VCOs using standard silicon processes have a hard
time with meeting rigorous communication specifications with
enough margin due to their relatively poor characteristics of
available passive components such as on-chip inductors. Phase
HE voltage-controlled oscillator (VCO) is one of the im+oise, one of the major specifications, is directly related with
portant components in RF communication systems. Thiae quality factor ) of an LC tank used in VCOs. Generally,
carrier frequency of most RF oscillators is adjusted by a phagke inductors obtained from standard silicon processes cannot
locked loop (PLL) to select one of many channels becausepevide sufficient) factors. (Typicak) factors from commer-
given transceiver is assigned different carrier frequencies at difally available silicon processes are less than 12~3-GHz
ferenttimes [1]. VCOs have been widely used to build RF blockange [10], [11]). Therefore, it is required to devise a new way
and have been studied for a long time [2]-[5]. Even thoug)f providing high€) on-chip inductors in order to intrinsically
a significant amount of research and work had been carriwgprove the performance of VCOs.
out, the VCO is still a challenging component among RF de- In this paper, we report low phase-noise VCOs monolithi-
signers. It is because more stringent requirements are imposally integrated with on-chip microelectromechanical system
on VCOs as the need for wireless communications is increasidEMS) inductors. We have integrated suspended spiral
and new applications are coming into the wireless market MEMS inductors using surface micromachining technology
higher frequencies. The major issue in recent VCO researchai have achieved high-factors over 25 at 1-4 GHz [12],
to achieve monolithic integration of low phase-noise VCOs witl13]. These suspended MEMS structures can provide Bigh-
low-power consumption at given application frequencies. Thef@ctors by significantly reducing coupling loss to the substrate.
have been many attempts to integrate high-performance VCRegcently, various MEMS technologies have been applied to
into a single chip, including inductors made of top-layer metébricate high-performance RF passives, such as switchs [14],
interconnection lines available from standard silicon procesdé$], tunable capacitors [16], [17], inductors [13], [14], trans-
such as bipolar junction transistors (BJTs) [6], BICMOS [7formers [18], [19], and transmission-line and phase shifters
and CMOS [8], [9]. Among these, CMOS VCOs have draw[i9], [20]. Although all of these RF passives demonstrated
high attention because they can easily combine RF parts whtigh performance, they are standalone off-chip components
and have not been integrated with active circuit devices such
as a monolithic RF module without a substrate etch [21]. Here,
Manuscript received April 24, 2002. This work was supported in part by thwe have successfully integrated MEMS inductors on the top
Ministry of Science and Technology under the Frontier 21 Program and by th¢ the CMOS active circuits by employing low-temperature
Ministry of Education and Human Resource Development, Korea, under the BK
21 Program. post-CMOS processes. To the best of our knowledge, we are
The authors are with the Division of Electrical Engineering, Departmethe first to construct a fully integrated VCO with air-suspended
of Electrical Engineering and Computer Science, Korea AdvancdlEMS inductors. In this paper, we report design issues,
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Il. PHASE NOISE (o}
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Phase noise is an important performance measure of VCOs Y, %, e
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and indicates how pure the signal that the VCO generates is in
the frequency domain. For an ideal oscillator, the shape of the
spectrum is an impulse at a resonant frequengyHowever,

in actual oscillators, skirt shape is formed around Informa-

tion recovery from RF signals is seriously affected by this phase
noise of VCOs in RF systems [1]. Phase noise can be expressed
as signal-to-noise power ratio in unit bandwidth at an offset of
Aw from an oscillation frequency. A simple equation for the Hon,min Im,opt
phase noise can be written by [22]

OFkT N wo \°
2QLALU

Aw 3
'(1 + |A1u/)1|c )} (1) channel bandwidth is required as data transfer rates become
. . _ higher in new RF communication systems. This implies that
where I is the empirical parametet, is the Boltzmann con- ypase nojse of VCOs at higher offset frequencies becomes
stant, 7" is the absolute temperatur®, is the signal power, nqre important. Typically, system phase-noise requirement is
wo is the oscillation frequencyy, is the loaded) of an LC'  gpacified at higher frequencies than the corner frequency of
tank, Aw is the offset frequency, anflw, /s is the corner fré- ycog Therefore, thermal noise becomes a dominant factor
quency at which the slope of phase noise changes #8Mt0 4+ qetermines phase noise.
—20 dB/dec. As explained in the previous section, transconductance can
be optimized in a given VCO. Fig. 1 shows the transconduc-
tance effect on phase noise. The VCO starts oscillating when
There are two noise sources that contribute phase noig@nsconductance reaches to the PYINt.in and it barely com-
thermal noise and flicker noise. Phase noise decreasesp@isates for the dissipation in a passiv@ tank. After this
20 dB/dec with respect to offset frequency by the effect gfoint, phase noise decreases as transconductance increases be-
thermal noise, while it decreases at 30 dB/dec by flicker noisgause oscillation amplitude becomes larger. However, there is a
Flicker-noise upconversion is related with the symmetry @ounter effect. Thermal noise in active CMOS devices increases
a signal waveform and can be reduced by designing VC43 transconductance and tail current become larger. Therefore,
signal swings symmetrically [4]. It has been reported that thfhase noise reaches the minimum at the point that the signal am-
effect of flicker noise in CMOS transistors can be confineglitude effect is completely nullified by thermal noise increase.
to below 100 kHz, although flicker noise itself in CMOSAfter passing the minimum point, phase noise increases as the
devices exists over 1 MHz. Thermal noise is proportional #lgnal amplitude is limited to the supply voltage, while thermal
the transconductance of active devices. Active devices in thgise continuously increases with the increase of transconduc-
oscillator generate negative conductance to compensate fortgce. Therefore, at any given VCO circuit schemes, there exists
loss in a passive.C' tank. If the conductance is too small, itan optimum transconductance for the minimum phase noise.
stops VCOs from oscillation. If the conductance is too large, it
generates excess thermal noise that may increase phase ngjse. .
Therefore, transconductance should be optimized in order o Quality-Factor Effects
sustain oscillation in a sufficient signal amplitude without Fundamentally, phase noise is limited by the quality factor
introducing excessive noise. of an LC tank, although the VCO circuit can be designed to
Another importantissue is quality factap) of the passive el- give symmetric signal swings and transconductance can be op-
ementsinar.C tank of VCOs. Itis well known that phase nois&jmized for a given thermal noise. Fig. 2 shows the quality-factor
decreases inversely proportional to the square of the lo@decffect on phase noise. Phase noise decreasésimsreases at
in an LC tank, as shown in (1). When inductors are formey fixed transconductance due to a noise-sharpening effect. As
by using standard integrated circuit (IC) processes, the qualifié () of an LC tank increases, the spectrum of the oscillator
factor of inductors is a limiting factor and mainly determines thig sharpened and the noise injected by active devices decreases.
total Q of an L.C' tank. Various circuit schemes and their analeyrther phase-noise reduction can be achieved by adjustment of
ysis have been reported to improve phase noise by optimizifdginsconductance. The optimal transconductances exist at dif-
circuits [3], [4]. However, the fundamental limit in improvingferent points with respect to varioug’s. VCO circuits with
phase noise still remains an issue, unless low-quality factorshigher )’s require lower transconductance for the minimum
the L.C tank itself can be significantly improved. phase noise. Lower transconductance can allow lower power
dissipation as well. Therefore, the most effective way to im-
prove phase noise in VCOs is to provide highL.C resonators.
Thermal noise becomes a more dominant factor in phadegher(@ of the LC resonator improves phase noise until ¢he
noise than flicker noise in recent RF VCOs. It is because widef the MOS transistor becomes a limiting factor. Typically, the

min

Phase Noise (dBc/Hz)
o

Transconductance

Fig. 1. Transconductance effect on phase noise.
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A. General Considerations

B. Transconductance and Phase Noise
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Fig. 2. Quality-factor effect on phase noise.
Fig. 3. Conceptual schematic of an integrated VCO with on-chip MEMS

Q of a MOS transistor is higher than that of CMOS inductor§aucters:

[23]. . . .
silicon substrate have electromagnetic coupling to the conduc-

tive substrate, resulting in substrate loss [28]. In typical CMOS
processes with six metal layers, the top layer metal used for in-
Generally, the inductors obtained from standard silicon prductors is away from the substrate by no less thamg11] and
cesses cannot provide highfactors sufficient for high-perfor- electromagnetic energy is coupled and dissipated through the
mance VCOs. The reasons for lawfactors come from thin |ossy substrate. In addition to that, IC foundry recommends RF
metal layers (ohmic loss) and high substrate coupling (eddy-cdesigners not to put other circuitry beneath and cleg0(:m)
rent loss) in standard silicon processes. to CMOS inductors so that the large chip area is consumed by
Recently, research has been actively carried to find alternhe inductors. This substrate coupling can be significantly re-
tive solutions to achieve higf-inductors from existing silicon duced by using a suspended metal structure from the substrate.
processes. Several methods have been proposed to improve this study, we built MEMS inductors suspended by 4@
factors: bond-wire inductors [24], surface acoustic-wave (SAVom the top most layer and could significantly reduce substrate
resonators with higlp’s [25], oxidized porous silicon substrateloss.
for thick insulation layer [26], and bulk micromachining for sus- Fig. 3 shows the conceptual schematic that we have proposed
pended inductor structures [27]. From these methods, Qighfor a single-chip RF transceiver [29]. Active circuit components
inductors can be achieved, but it is very difficult to monolithiare fabricated by using standard IC processes and high-perfor-
cally integrate these inductors with on-chip VCO circuits.  mance inductors are monolithically integrated on the top of the
We have reported an integrable MEMS fabrication process feifcuits by MEMS technology. The features of the proposed
RF and microwave MEMS applications [12], [19]. This processIEMS inductors have thick and highly suspended structures
allows to fabricate highly suspended metal microstructures that low resistance and low substrate coupling. Due to negligible
are fully CMOS compatible and manufacturable in terms @ubstrate coupling, MEMS inductors can be stacked on active
process stability and structural robustness. In this section, wifcuit devices, resulting in the saving of chip area.
will present the RF performance of the suspended spiral induc-
tors fabricated on the standard silicon substrate3@2-cm) B. CMOS-Compatible Integration Process

by using surface micromachining techniques. As a post-CMOS process, special surface micromachining
) processes have been developed to provide a monolithic solu-
A. HighQ MEMS Inductors tion for high<Q inductors by using conventional lithography
In order to implement higld) inductors on a silicon substrate,and electroplating processes. Basically, thick photoresist lithog-
two major loss mechanisms to lintit's in standard CMOS pro- raphy frequently used in MEMS applications is employed to
cesses have to be minimized. One is ohmic or resistive loss. Tiiam an electroplating mold as well as a sacrificial layer. Copper
loss comes from relatively thin (-8 m) metal layers. High electroplating then follows to fill the patterned photoresist mold.
resistive loss of these layers plays an important role in det&inally, photoresist is removed.
mining the Q’s at a lower frequency region below@ peak Detailed process flows are explained in the following [12].
point. In order to reduce the resistive loss, low-resistivity mad-abrication starts with a wafer on which CMOS active devices,
terial should be used as well as the thickness of metal layais well as metal interconnection lines and a top insulation
should be much larger than skin depth. In this study, we uskger with pad openings have been completed [see Fig. 4(a)].
electroplated thick copper layers, which have a low resistiviili/Cu (20/100 nm) is thermally evaporated as a seed layer
of 1.7 u€2-cm and the thickness of 16m. TheQ’s of inductors for electroplating. Thick photoresist (AZ9260, approximately
start to be saturated at the thickness of®and there is little 20 um) is spun and patterned to form electroplating molds. Cu
increment in@’s beyond 15um. is electroplated through the mold to form bottom electrodes
The other loss mechanism to be minimized is substrate-isee Fig. 4(b)]. Second thick photoresist (approximately
duced loss. Integrated passive devices residing on the top of #0eum) is spun on the wafer and the two-step UV exposure

I1l. MEMS INDUCTORS
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Region
- \ . -~ the previous section has been implemented for a hjgtes-
= — ‘ onator. Adequate transconductance of active devices to com-
pensate for the loss in the passiv€' tank is provided by four
© ® transistors (MA&M4). To isolate theLC tank from the 502
e

termination of the spectrum analyzer, four additional transis-
tors (M5~M8) have been used as buffer stages. In this scheme,
15 i a current source is not employed in order to maximize signal
swings and minimize any noise generated from additional ac-
tive devices. The output signal is measured via a dc blocking
capacitor embedded in the circuit. No additional external com-
ponents have been used for matching.

()] (h)
B. VCO Circuit Optimization

An oscillator is a positive feedback system consisting of an

. ) ) LC resonator and a loss-compensation amplifier. There are two
with two different photomasks and exposure times followgegign guidelines to achieve low phase-noise VCOs: one is to

A three-dimensional (3-D) photoresist mold is formed by,ayimize the) of an LC resonator and the other is to mini-
single-step development [see Fig. 4(c)]. The thickness of dgj e the upconversion of noise from the amplifier at a gigen
veloped photoresist is well controlled by UV expose time [30}g gescribed in Section I1. Design procedure begins from the op-
The lower recessed region (approximately20) is filled with - timization of anZC resonator. The tota of an L.C resonator is
the electroplated Cu to form the posts [see Fig. 4(d)]. After th nically limited by the( of the inductor. In this study, MEMS
post electroplatin_g, a second seed metgl (Cu) is deposited; Y ;ctors have been designed to give a maxinduat the oper-
thermal evaporation on the wafer [see Fig. 4(€)]. The topmagtng frequencies. We first fixed the width and space of inductors
seed metall|s removed in order to co.nflne the glectroplau%g 30 and 2Qum, respectively. These numbers are determined
of Cu only in the upper recessed region [see Fig. 4(f)]. Thg 4chieve a sufficient process margin for inductor fabrication
dashed line shown in Fig. 4(e) indicates the boundary to whighy, reasonable size. The adequate MEMS inductor dimension
the mechanical polishing is done. Cu is then electroplated framyhen gptimized by using 3-D field simulations, which will be
the bottom of upper recessed region [see Fig. 4(g)]. Finallyynfirmed by the measurement of fabricated inductors on a test
suspended MEMS structures are completed by removal \pfter The dimensions of the inductors are 220 in the inner
photoresist and seed layers [see Fig. 4(h)]. diameter with 3.25 turns for 1-GHz operation and 220in the
inner diameter with 2.25 turns for 2.6-GHz operation, respec-
IV. DESIGN OEFCMOS VCO tively. The target inductances are 5 and 1.8 nH, respectively. The
corresponding capacitors in thHe” resonators are determined
A. CMOS Cross-Coupled VCO to be 5 and 2 pF for 1- and 2.6-GHz operations, respectively.

In this study, a cross-coupled VCO scheme has been chosefio minimize the noise conversion effect, the Agilent ADS
because it can generate large and symmetric signal swings [4Fimulation tool has been used. The active devices optimization
circuit schematic of the implemented VCO is shown in Fig. rocedure has been proceeded in the following two steps.
Oscillation frequency is determined by inductance and capac-Step 1) The ratio of nMOS and pMOS transistors have been
itance in theL.C tank. An accumulation-mode MOSFET var- optimized for flicker noise reduction.
actor known to give a higl@ and a large tuning range has been Step 2) The actual nMOS transistor widths have been deter-
used for frequency tuning [31]. A MEMS inductor proposed in mined for thermal noise reduction.

Fig. 4. MEMS inductor integration process.
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Fig. 9. SEM photograph of fully integrated CMOS VCOs with MEMS

Fig. 7. Measurement pattern to characterize MEMS inductors. inductors.

From simulation results, we have obtained the optimal ratio 8f 1-8 NH are shown in Fig. 8. Similar characteristics have been
nMOS and pMOS transistors as 1:2.5, regardless of nM@gtamed from the measurement of 5-nH MEMS inductor. The

size. The result agrees with the inverse ratio of nMOS afgeasuredy’s of MEMS inductors are 20 for 5-nH inductors

pMOS mobilities. This means the optimized VCO will generatdt 1 GHz and 27 for 1.8-nH inductors at 2.6 GHz, respec-

a maximum swing of symmetric signals at this ratio. Aftepvely. The actua!Q’s of the integrated MEMS inductors are

determining the transistor ratio, the final width of nMo§>.<pecte'd to be higher than these measured va!ues bgcause they

transistors has been optimized as A8 (with 4um-width Wil be integrated on the top of the CMOS chip, which may

legging) for minimal phase noise at the giv@rfactor. have a_ddltlonal insulation layers (with the total thickness of
approximately 6:m).

V. EXPERIMENTAL RESULTS B. Phase Noise of Integrated VCO

A. MEMS Inductor Performance Monolithic VCOs have been fabricated by integrating
Fig. 6 shows the fabricated MEMS inductors using surfaddEMS inductors on the top of the active circuits realized using
micromachining technology on a silicon test wafer. The tefie TSMC 0.182m CMOS process. The fabricated VCOs are
wafer has lpm-thick oxide on the top of the substrate silicorshown in Fig. 9.
(20£2-cm) for electrical isolation. The main body of the MEMS Phase noise has been measured using an HP8564E spec-
inductors is suspended from the substrate by#0 To charac- trum analyzer and its characteristics for the 1-GHz oscillator
terize the fabricated inductors, on-wafer RF measurement tae shown in Fig. 10 as an example. Similar characteristics
been performed from 0.1 to 10 GHz using an HP8720 netwolave been measured for the 2.6-GHz VCO. Low phase noise
analyzer. Measurement patterns and deembedding patterns tage been measured asl?24 dBc/Hz for the 1-GHz VCO
been fabricated on the same wafer. Fig. 7 shows a measumed —117 dBc/Hz for the 2.6-GHz VCO at 300-kHz offset,
ment pattern of 1.8-nH MEMS inductors. A pad deembeddingspectively.
process has been conducted to exclude parasitic components &fetailed measurement results are summarized and compared
the pads incorporated in measurement patterns. with recently reported results of CMOS VCOs [32]-[37] in
After deembedding, only the intrinsic characteristics ofable I. Although excellent low phase noise has been achieved,
MEMS inductors (inner circle of Fig. 7) can be extracted. Thihe fabricated VCO could not fully utilize the high performance
measured and simulatégls of the fabricated MEMS inductor of MEMS inductors. Unfortunately, unlike the assumption
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Fig. 10. Measured phase noise of 1-GHz VCO.
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TABLE | .DC < [Fundamehtal ]
MEASURED RESULTS COMPARED WITH OTHER CMOS VCCs xS b ) Harmonics
Freq Tuning PN vV, Lupety | FOM a £
Ref. : S | @300kHz DD | swly
GH) | MHD) | popry | V)| @A) (5] 3
1GHz 750 <
Thiswork) | 1 | (70%) 124 3 5] 183
2.6GHz 1600 .
(This work) 26 (61%) 117 3 5 184
[32] 330 ] o
Quad * 1.8 20%) 117 2 25 | 176
[33] . 107 . 5
Trons, ** 1.7 (6.3%) 129 25 | 45 | 193
540
{341 1.8 (30%) -116 25 4 182
[35] 400 CENTER 6.08GHz SPAN 12. 20GHz
Quad.* 245 1 (150) -105 1.8 3 174 REW 1.@MHz UBW 1.@MHz SWP 25@ms
36 Y 300 .
sl | 24 | ey | A%+ | 25 | 13 [ 161 Fig12. Output spectrum of the 2.6-GHz VCO.
[37] 25 (.;‘93,‘ -110 3 12 | 174 i ]
1 770) _ Fig. 12 shows the output spectrum of the fabricated 2.6-GHz
*Quad: Quadrature VCO, #**Trans: Transformer-based VCO VCO
in the design, the actual varact@ has been measured as VI. CONCLUSIONS

approximately te_zn at the ope_rating frequenci_es. 'I_'here has beepn order to achieve high-performance fully integrated CMOS
some phase-noise degradation compared with simulation. TOEOS high€) MEMS inductors have been monolithically in-

is because the fabricated varactor has been designed to giv‘taeﬁrr]ated on the top of VCO circuit cores. We have achieved

excessive wigie tuning range. .At least 5-dB improvement C%lghQ factors over 20 at 1 GHz and 27 at 2.6 GHz, respec-
be expected in phase noise, if the varacjowere to be 20, tively, in the suspended spiral MEMS inductors fabricated using

as ass_umed. Thg of vara_ctors Is inversely p_roportlonal o ItSﬁurface micromachining technology. A differential VCO core
capacitance value at a given frequency. This means a smaller

. . . Cifcuit has been designed and optimized for low phase noise
varactorlhgs a highep. Therefore, a hlgha@.can be acr_nev_ed and has been fabricated by the TSMC 0,48-CMOS process.
by combining a smaller varactor and a highfixed capacitor in

: From the integrated VCOs with on-chip MEMS inductors, low
parallel at a cost of reduced the tuning range. From phase-nai €se noise has been achieved-494 dBc/Hz for the 1-GHz
data shown in Fig. 10, it can be noted that the corner freque

exists below 100 kHz. This indicates that the fabricated VC rfrgtigdc_e#tle?r(fjriC/LJHezn]Z)i(retsh?ezs'6(-3(§t|i_\|/zelvcvfl)ear:sggt-dkel_rﬁo%fgstfatte q
has been fully optimized for reducing flicker noise. The VC q - resp Y-

. . or the first time that the integrated MEMS inductors can give a
tuning range has been measured by varying the control volta}g y monolithic solution for high-performance on-chip VCOs
of the varactor from 0 to 4 V. The oscillation frequency has |
been tuned from 1.08 to 1.83 GHz and from 2.6 to 4.2 GHz
for the 1- and 2.6-GHz VCOs, respectively. Fig. 11 shows the
measured tuning characteristics of the 2.6-GHz VCO. VCOsThis work was performed as part of the National Research

consume 15 mW in the VCO core from a 3-V power supply.aboratory Program of the Ministry of Science and Technology.
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