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Abstract—A differentially excited symmetric inductor that en- ~ as LC' oscillators, where phase noise is inversely proportional
hances inductor quality () factor on silicon RF ICs is presented. to the tank quality. The) factor is constrained by conductor
Compared with an equivalent single-ended configuration, exper- |osseg arising from metallization resistance, the conductive sil-

imental data demonstrate that the differential inductor offers a . bstrat d substrat i it hich|
50% greater @ factor and a broader range of operating frequen- icon substrate, and substrate parasitic capacitances (which lower

cies. Predictions from full-wave simulations and a physics-based the inductor self-resonant frequency). Several approaches have
SPICE-compatible model are validated by experimental measure- been used to improve the of monolithic inductors in silicon.
ments on an inductor fabricated in a triple-level metal silicon tech- - These techniques include: lowering ohmic losses using thicker
nology. Application of the symmetric inductor to a cross-coupled metallization [2], stacking of metal layers, and using lower re-

oscillator improves output voltage swing and phase noise by 75% . .".
and 1.8 dB, respectively (for a given power consumption), while sistivity metals (e.g., copper) [5]. Substrate losses have been

chip area is reduced by 35% compared to conventional inductor reduced by fabricating the inductor on high-resistivity silicon

equivalents. (¢ > 1 k2 - cm) [6]-[8], or by selectively removing the under-
Index Terms—Differential circuits, monolithic microstrip  ¥ing silicon substrate using a bulk micromachining technique
inductor, RFIC passive components. (post-fabrication) [9]-[11]. A patterned ground shield has been

demonstrated to be especially useful when attempting to realize
an inductor on very low-resistivity substrates (i< 0.1 Q-
cm, [12]). Inductor chip area is reduced by connecting (overlaid)
ONOLITHIC inductors are an important component irspiral inductors on multiple levels of metal in series, thereby in-
highly integrated radio frequency circuits (RF ICs) focreasing the inductance per unit area [13]. Howevetfector
wireless communication systems such as personal communisadversely affected by the nonuniform metal thickness in most
tions services, wireless local area networks, satellite comn¥kSI technologies and increased interwinding and parasitic ca-
nications, and the global positioning system. External comppacitances to the conductive substrate for multilevel spirals.
nents are minimized when all passive components are integrateth this paper, we describe a symmetric inductor that is excited
on-chip, so monolithic inductors are often used as narrow-badifferentially (i.e., in the odd mode) to realize a substantially
loads in RF circuits such as amplifiers, oscillators, and mixemgreater factor without altering the fabrication process [14].
Through the use of on-chip tuned circuitry, a wide dynamit should be noted that differential circuits (amplifiers, mixers,
range may be preserved while using a relatively low supp@nd oscillators) are commonly used in monolithic transceiver
voltage (i.e., 1-3 V). designs because of their robustness and superior noise rejection
The consumer electronics market favors silicon technologyoperties (e.g., power supply noise rejection). A differential
for its lower cost, higher yield, and the potential for combiningignal path typically requires twice the number of active and
analog and digital circuits. Silicon bipolar and BIiCMOS techpassive elements compared to a single-ended circuit; however,
nologies offer performance competitive with GaAs in the loneomponents can be added at little extra cost on an integrated
gigahertz frequency range. Nevertheless, monolithic inductaiscuit. This work shows that a symmetric inductor consumes
fabricated in production processes on medium resistivity suless chip area as compared to single-ended equivalents when
strates (i.e., X2 - cm < p < 15 Q- cm) currently achieve a used in a typical circuit implementation.
maximum quality @) factor on the order of 10 at low-gigahertz
frequencies [1]-[4]. This poses a limitation for circuits such [I. SYMMETRIC INDUCTORS FORDIFFERENTIAL CIRCUITS

|I. INTRODUCTION

A conventional spiral inductor and associated cross section
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A. The Symmetric Inductor

The fully symmetric spiral inductor of Fig. 2(b) gesigned
for differential excitation (i.e., voltages and currents at Port 1
and Port 2 are 180out of phase). When driven differentially,
the voltages on adjacent conducting strips are anti-phase, how-
ever, current flows in the same direction along each adjacent
conductor shown in Fig. 2(b) (i.e., signal currentandi, flow
in the same direction on any side). This reinforces the mag-
netic field produced by the parallel groups of conductors and
increases the overall inductance per unit area.

The symmetric microstrip inductor is realized by joining
groups of coupled microstrips from one side of an axis of sym-
metry to the other using a number of cross-over and cross-under
connections [see Fig. 2(b)]. This style of winding was first
applied to monolithic transformers for coupling both primary
and secondary coils by Rabjohn [15]. One advantage of a fully
symmetric layout is that the two separate spirals are replaced by
a single coil which has both electrical and geometric symmetry.
This symmetry is important when locating the common node
(a convenient bias point for active circuits), which separates
the spiral into two inductances that have identical substrate
parasitics at ports 1 and 2. As stated previously, a pair of
Sdsymmetric inductors must be spaced far enough apart to limit
unwanted coupling (both magnetic and electric) between the
inductor pair, which is not an issue for symmetric inductors.
This is one of the reasons why a reduction in chip area results
for the symmetric inductor. Also, the symmetric inductor is
well suited for connection to active devices as the input ports
(i.e., Ports 1 and 2) are on the same side of the structure.

B. @ Improvement by Differential Excitation

The monolithic inductor is a microstrip transmission line with
an L/C ratio that favors inductance over capacitance. The
factor improvement resulting from the differential drive can be
estimated from the lumped-element equivalent circuit shown in
Fig. 3(a) [7], [2]. This equivalent circuit accurately models the
electrical behavior of the inductor up to the first resonance fre-
quency. A simplified equivalent circuit for single-ended and dif-
ferential excitation of the microstrip inductor are also shown in
Fig. 3(b) and (c)Z, is the impedance corresponding to the in-
ductance and series dissipatidngndr), andZp is an equiva-
lent shunt parasiti&z—C network that has the same impedance
as substrate parasitic eleme@is., C,;, andR,; at a given fre-
guency.

For single-ended excitation, the inductor is connected as a
one-port as shown in Fig. 3(b). In this simplified equivalent cir-
cuit, the input impedancg,. is a parallel combination aof,
and Zp, as indicated in the figure.

For differential excitation, the signal is applied between

Fig. 2. Microstrip inductor physical layouts for differential drive. (a) Twothe two ports (Port 1 and Port 2) and the differential input

asymmetric spiral conductors. (b) Symmetrical microstrip inductor.

signal currents associated with Ports 1 and 2 [i;eandiz in

impedanceZ, is the parallel combination &Zp andZ,. The
substrate parasitics present a higher equivalent shuntimpedance
in the differential case and, therefoté; approaches the value

Fig. 2(a)] flow in opposite directions and, hence, some physiaafl Z; over a wider range of frequencies thap.. At lower
separation £;,) is required to limit the negative mutual mag{requencies, the input impedance in either the shunt or the

netic coupling between the two inductors.

differential connections is approximately the same, but as the
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Cf, Q. Eventually,?Zp dominates the inductor dissipation and &e
L\Y i 1 I
Port 1 L, ) Port 2 factor_decreases with increasing freq.uency..The [eakccurs
o at a higher frequency when driven differentially due to the re-
Cooxt Corz duced effect of substrate parasitics in the differential case.

This analysis predict&) improvement from differential ex-
Csit Rsjs Csiz R ci.tation gnd that (idgally) thé) factor can bg doubleq in the
differential connection [i.e., wheRp < Ry, in (1)] with no
modifications in IC technology or processing.

@ It should be noted that this improvement in electrical per-
formance is a property of differentially excited structures and
that similar performance improvements could be expected from

: other transmission-line components such as: couplers, hybrids,
and transformers, or even asymmetric inductors when excited
differentially. The symmetric layout is useful to preserve the bal-
ance desired in the differential implementations most often used
on RF ICs.

‘--¢ C. SPICE Model

For computer-aided design (CAD) purposes, a lumped-ele-
ment equivalent or SPICE-compatible model is needed to pre-
dict the large-signal performance of an RF circuit correctly.
Full-wave commercial electromagnetic simulators can be used

: to derive such models. However, these techniques generally re-

 Co+Cpl2 quire a great deal of CPU time and memory to simulate com-
_’r: ponents with multiple metal layers and non-Manhattan physical
layouts (such as the symmetric inductor). Therefore, simplified
microstrip inductor CAD models that can be derived from layout
and process fabrication parameters are required.

The modeling technique used here is applicable to any rectan-
gular two- or three-port spiral inductor [17]. It uses closed-form
Fig. 3. (a) Lumped equivalent-circuit model of a microstrip inductor, an@XpreSSions for the total inductance, resistance, and cross-under
circuit equivalents for (b) single-ended (port 2 gounded) and (c) differentigapacitance. A two-dimensional (2-D) quasi-static numerical
excitations. method extracts the line capacitances, reducing computation
time with minimal loss of accuracy for applications below

frequency increases, substrate parasitiys and Rp come apprpximately 10 GHz. The interwinding capacitances are
into play. For differential excitation, these parasitics have @Ptained from the odd-mode mutual coupling of two coupled
higher impedance at a given frequency than in the single-end#s- The longitudinal component of the conduction current in
connection. This reduces the real part and increases the readiémiconducting substrate is included in the resistance model
component of the input impedance. Therefore, the indutort© account for all significant sources of loss. This method is
is improved when driven differentially, and the self-resonaffumerically more efficient than full-wave modeling techniques
frequency (or usable bandwidth of the inductor) increases dﬁ'éd 1S suﬁ|c|eptly accurate for d'eS|gn purposes. The final
to the reduction in the effective parasitic capacitance froiductor model is easily integrated into a circuit simulator, such
Cp + C, to Cp/2 + C,. The improvement in bandwidth wasaS SPICE. In the following section of this paper, measurement
first noted for center-tapped spiral inductors in a monolithighd 3-D numerical simulation results are compared with this
bandpass filter application [16]. lumped-element model for the symmetric inductor.

For these simplified model, the ratio of differential to single-
endedq factors is

I1l. EXPERIMENTAL RESULTS AND DISCUSSION

Qa _ 2Rp||Rr B In order to quantify the improvement ¢ factor of the differ-
Q.. Rp|Rg entially driven symmetric design, a five-turn square symmetric
spiral inductor (with nominal inductance of 8 nH) was designed
whereR;, = r(1 + Q%) for Qr = wL/r. At low frequen- and fabricated in a triple-level metal BICMOS technology [18].
cies,Rp > Ry and the two@ factors are approximately theln this section, the experimental test structure is described along
same. At lower frequencieg);, dominates in both cases andwith the procedure used to extract the experimental data. Fi-
the @ factor increases for increasing frequency. At higher frexally, the results are compared to theoretical predictions from
guenciesRy, is increasing (a&);, « f) andRp is decreasing, full-wave and SPICE-compatible symmetric inductor models
so the differential) factor becomes larger than the single-endeghd other inductor designs reported in the recent literature.
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SUBSTRATE AND METAL PARAMETERS FOR THEBICMOS TECHNOLOGY = =
(b)
Parameter Value Fig. 5. Two-port in differential and single-ended configurations.
Oxide thickness over M2, h3 - h6 1.3 um (a) Differential connection. (b) Single-ended connection.
Oxide thickness below M2, h2 3.61um
Probe 1 Probe 2
Silicon resistivity 15 Q-cm
Silicon thickness, h1 200 pm
Metal resistivity 31 mQ-um
M3 thickness, h4 2.07 um
M2 thickness, h5 0.84 um

A. Symmetric Inductor Test Structure

The symmetric inductor test structure, including
signal-ground-signal testpads is shown in Fig. 4. The outer
dimension O D, is 250um, the top conductol3) microstrip S G S
line is 8 um wide, and the spacing) between conductors is _
2.8 um. The void between opposite groups of coupled linddd: & Signal
(ID) is approximately 150:m, which results in negligible o ] )
negative mutual coupling between coupled-line groups. TR&tal signalEraig (i-€., Exaix = b1 —b2). Fora pure difference
relatively narrow conductor width and spacing results in high8#0de signal£;; + Ei» = 0 ora, = —ap = a. Therefore, for
positive magnetic coupling on any one side and lower substr&fgincident signat = E.i/2\/_7ov the differential one-po-pa-
capacitive parasitics. Second-level metsil2) is used for the fameterSy, can be written in terms of the single-endgepa-
metal underpasses. Both signal and ground pads are locdRHEtErs as
on the same side; thus a set of probes with two adjacent RF b1 4062  S11+ 522 —S12—5n
contacts was used for testing. Properties of the substrate and the ¢ T, T 2 )
aluminum metallization for the fabrication process are listed ig d the corresponding input impedance is
Table I. ForY'—Z parameter deembedding purposes [19], shor[1
and open test structures or “dummies” were also fabricated. 1+ Sd>

1-5y

TestPad

—ground-signal (SGS) probe configuration for measurement.

z=22, ( ©)
B. Differential s-Parameters and Input Impedance

Single-ended and differential configurations are derived fro\mhereZZo is the differential system impedance.

the two-port measurements, as shown in Fig. 5. JHparame- C. Measurement Procedure

ters are given by o _ )
The symmetric inductor was characterized experimentally

b1 =S11a1 + Si2a2 (2) from on-wafer measurements using a two-port vector network

by = Soyay 4+ Sosag (3) analyzer and coaxial RF probes. The probes configuration

consists of two signal-ground coaxial $Dprobes mounted on

wherea,, = E;./\/Z, andb, = E,./\/Z, with k = 1, 2. asingle base, as shown in Fig. 6. A spacing of A60between
E; andE,. are the incident and reflected voltage waves, respabe ground (G) and signal (S) fingers was used.

tively, andZ, is the system impedance (typically 55. The dif- Signal-ground short, open, load, and thru impedance stan-

ference between equations (2) and (3) gives the reflected diffdards were used to perform a full SOLT two-port calibration.



336 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 1, JANUARY 2002

7 3 ‘
' . [ N .

6 | ; : Calibration A
° - i . .
25 2 1. ; , ,
E g2 ‘7 PA° 1 K Calibration B
g 4 & )
[ (2] ¥ ¥
"6 S ¢ .
5 3 5 : : [ Calibrations
€ of- g A/B,andC
= 3
Z 3 .

1 ]

0 0

100 120 140 160 180 200
Ropen (@)

@

Number of samples
Number of samples

8 8.5 9 9.5 10 5.5 6 6.5 7
Peak Qgjfterential Peak Qgingle-ended

(b)

Fig. 7. Histograms from experimental measurement of the 8-nH test inductor. (a) Open dummy structure parasitic histograms over 15 sgnhfplger (b)
histograms over 19 samples.

During calibration, Probe 2 of the set of dual probes is mountade shown as histograms in Fig. 7(a). Depending on the cali-
on a manipulator opposite to Probe 1. After calibration, Proliation, different values were obtained. However, the relatively
2 is moved back to the same probe head as Probe 1 so #matll pad parasitics only affect the inductor behavior near the
the probes appear as shown in Fig. 6. Moving one probe lelf-resonant frequency.
tween calibration and measurement steps can introduce errorsig. 7(b) shows thé) factors (single-ended) .. and differ-
into the measurements due to phase instability of the cable. Taitial, ;) computed from the deembeddirgparameter mea-
error was minimized through the use of flexible cables with higfurements on 19 samples. The péakalue for each measured
phase stability and a verification check of the calibration wittkample is shown in the figure. The factors of 9.3 and 6.6
the probes in the final configuration. for @4 andQ,., respectively, occurred with the greatest proba-
Measurements were deembedded by: 1) measuribility (30%—50%). For subsequent discussions, a representative
single-ended two-ports-parameters of the inductor testsample from these measurements is shown.
structure; 2) measuring the open dummy structure and deemA comparison between the experimental measurements,
bedding the shunt parasitics througfparameter subtraction; full-wave EM simulation, and the lumped-element (SPICE)
and 3) measuring the short dummy structure and deembeddimgductor model for the input impedance and tBefactor are
the series parasitics throughtparameter subtraction [19].shown in Figs. 8 and 9. Good agreement is seen between mea-
The probe contact resistance is approximately @2for the surement and simulation. At lower frequencies, the difference
first touchdown and can increase significantly after repeated @@ between the differential and single-ended excitations is
touchdowns due to contact wear of both the probe and testpadt significant €1%) because the shunt capacitive parasitic
Therefore, measurement of the contact resistance by probammponents do not affect the low-frequency input impedance.
the short deembedding structure is important to obtain consiéence, the two cases can be represented by a séres
tent measurements. model. However, as the frequency increases, the difference
between the input impedances (see Fig. 8) becomes substantial,
Z4 is much lower thanZ,. by an increasing factor. This is
caused by the lower effective substrate parasitics present in
The interconnections of the short deembedding structure dae differentially excited case. The difference between the
be modeled as a 250-pH inductance in series with a 0.120.4% factors in the differential and single-ended cases (Fig. 9)
frequency-dependent resistance, as determined from measilltestrates this point. The peak in th@ factor is a result of
ment (after accounting for a probe contact resistance of2).3 the shunt parasitics as previously described. Lower parasitics
These measurements are consistent with the values determiioedlifferential excitation result in a higher pegk factor and
from full-wave numerical simulations (220 pH in series wittbroadening of the? peak compared with the single-ended
0.25%). Shunt parasitic values at 2 GHz for the open structu¢eonventional) connection.

D. Measurement Results
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Frequency (GHz)
ness from 2 to 4im would result in a single-ended of 8.5 at
Fig. 9. Measured and simulate@l factors for single-ended and differential 2.2 GHz, from simulation). At frequencies beyond theeak,
excitations. an increase of greater than 50% can be achieved. It should be
noted that because they are greater in magnit@dealues for
Table Il compares the corresponding pé&zdfor the single- the differential case are much more sensitive to slight variations
ended and differential excitation cases. Due to a lower seriesghe measured or simulated input impedance. Thus, near the
resistance and a higher inductance, the simulated data havepibak(? for the differential case, the relative effect of an error in
highest( factor. The peak occurs at frequencies of 1.6 ancdeither the measurement or simulation is more pronounced. Be-
2.5 GHz for the single-ended and differential excitations, reause of lower capacitive parasitics, the inductor self-resonance
spectively. Thus, a highe® factor at a higher operating fre-is increased from 6.3 GHz for the single-ended case, to 7.1 GHz
quency is observed, as predicted previously. Note that this ifor the differential excitation, implying a broader useful band-
provement ity is achieved without any modification to the fab-width for differentially excited inductors.
rication process. Achieving a comparaliJevalue in the single-  Fig. 10 shows a simplified lumped-element model for the
ended connection would require approximately a twofold irsymmetric inductor that was fit numerically over a broad band
crease in the top metal thickness (e.g., increasing topmetal thiokfrequencies (0.5-6 GHz) for both the single-ended and dif-
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TABLE 1l

INDUCTOR COMPARISON

Inductor type Reference (gg.s:::]) ty (um) L (nH) Qpeak
1-level metal Long [2] 10 1-3 1.88 6-10 @ 4 GHz
2 stacked metals | Park [8] 2k 2 13 12 @ 3 GHz
3 stacked metals | Burghartz [5] 12 4.3 2.2 16 @ 2 GHz
Ground shield Yue [12] 10-20 2 8 7.2 @ 1.5GHz
Membrane Chi[10] 2k 1 (Au) 0.9 20 @ 4.3 GHz

1.2 fs 70 GHz
Etched oxide/Si Rieh [21] 10k 2 fsr 30 GHz
Differential this work 15 2 8 93 @ 25GHz
Single-ended 6.6 @ 1.6 GHz

ferential connections. The tables in the figure list the elemeft Literature Comparison

values for measured and simulated results. Hénes, the low- . L . .
In Table I, the symmetric spiral inductor is compared with

frequency inductance, amds the series resistance at 500 MHz, . . . : .
ther ¢ improvement techniques. Simple planar spirals with

As shown in Fig. 10, the resistive element of the shunt par%—
sitics is more than twice as high when both single-ended a @gle and stacked metal layers are represented. Note that the

differential equivalent parameter values are compared, and éac_tor generally improves.for smallgr induc;tor yalues_ within
shunt capacitances are 40%-60% of those in the single-en 0y given techno_logy or de3|gn technique. Higheis reahze_d
case, which verifies the predictions made from the simplifie either increasing metal thickness (through metal stacking or

lumped-element model in Section II-B. Reasonably good agré icker conductors) or by reducing losses in the substrate. Sub-
rate losses are reduced dramatically when the inductor is fabri-

ment is seen between SPICE model, MoM simulation, and i - ) _ L .
perimental measurements. ca_ted on seml-lpsulatln_g material, however, thisin |ncompat|bl_e
with current active device technology. Substrate removal (as in
the membrane or etched oxide designs) or a ground-shielded
design are the other options for limiting substrate losses. The

performance of the differentially driven symmetric inductor is

Calibration, deembedding structure parasitics, and probe c§qmpetitive with many of these other designs. It should also be
tact resistance are all sources of error that can alter the meastii@igd that differential drive of the inductor can be implemented
data. Inaccuracies due to imperfections in the connectors, t!ba” of the aforementioned teChnOIOgies to further enhance the
bles, temperature and frequency drifts within the network anf@verall@ and obtain broader operating bandwidth.
lyzer, calibration, and test devices also add to the random mea-
surement errors [20].

Other errors are caused by variations in the fabrication
process. An important factor is the top metal thickness, which
can vary by4+10%. A 10% increase in the metal thickness This section uses a common RF IC application of mono-
reducesR,. to 6.8 2, and the simulated series resistanchthic inductors to illustrate the advantages of the symmetric de-
becomes 7.6 at 500 MHz, compared with the measured valugign over the integration of two identical asymmetric inductors.
of 7.7 Q. In a submicrometer IC technology, the metal lines atdere, the 8-nH symmetric inductor is incorporated into an os-
defined photolithographically to within 0.Am and, therefore, cillator designed for the 2.4-2.48-GHz ISM band. The oscil-
variations in processing have a negligible effect on the lidator circuit of Fig. 11 uses two transistors in a fully differential,
inductance and resistance as these parameters are defiieds-coupled configuration. A differential implementation has
primarily by the conductor width and spacing. Simulationthe advantages of common-mode power supply noise rejection,
were performed for a-0.2 um strip width variation, and no lower harmonic generation, and higher output voltage swing at
significant changes<{2% in the peaky) were observed. For the expense of greater power consumption and chip area. The
a +1-um change in oxide thickness and4#60% change in intermediate frequency (IF) for this application is specified at
silicon resistivity, simulations also predictd85% variation in around 350 MHz and therefore a local oscillator frequency of
the self-resonant frequency and in the péak 2.05t0 2.1 GHzisrequired. For aresonance to occur at 2.1 GHz,

Inaccuracies in full-wave simulation are mainly caused bjie combined capacitance across inductaiiceue to lumped
improper meshing of the structure and inaccurate compensati@pacitance€’;—Cs and device parasitics should be approxi-
for finite metal thickness, as conductors of infinitesimal thickmately 0.72 pF. Bias resisto8; and R, are made large to
ness are assumed by the method-of-moments (MoM) algorithisnlate the bias network from the RF signal path.

It should also be noted that present simulators do not account fofhe performance of the cross-coupled oscillator was com-
variations in temperature of the metal in a spiral inductor.  pared for symmetric and asymmetric inductors in the tank

E. Sources of Error

IV. APPLICATIONS EXAMPLE
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3v. e - Two 4 nH asymmetric inductors
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Fig. 11. Cross-coupled oscillator circuit.

= 95 hord

T <

@ -100 E

) \\

TABLE IV @ -105 et
COMPARISONSBETWEEN 8-nH SrMMETRIC AND 4-nH CONVENTIONAL kel \‘\‘“
INDUCTORS S -110 =

g NG
Characteristics | 8 nH symmetric | 4 nH asymmetric g M “(:"

m N~
OD / No. of turns 250 um/5 210 pum/ 3.5 @ 120
Inner gap, ID 150 um 140 um -125

9ap a H 100 1000
Unwound length 4 mm 2.44 mm Offset frequency, in kHz
Ryc 750 456 Q
Fig. 12. Differential output voltage oscillation and phase noise for the 8-nH
Q@2.1GHz 8.6 7.5 symmetric inductor and two 4-nH asymmetric spiral inductors.
circuit (with physical layouts of the inductor styles as in TABLE V

COMPARISON OF CROSSCOUPLED OSCILLATOR PERFORMANCE

Fig. 2). One design incorporates two 4-nH conventional (i.e., FOR BOTH INDUGTORS

asymmetric) spiral inductors, while the other employs a single

8-nH symmetric inductor. Characteristics of the asymmetr Parameters 8 nH symmetric | 4 nH asymmetric
4-nH spirals and the 8-nH symmetric inductor are listed i 7 —nGhz 2.061 2114
Table IV. The technology parameters of Table | were assum —— v s
. . t s . .

for both inductors. Also, the distance between the two 4 n —

. . . Phase noise (dBc/Hz) @ 1 MHz offset -120.7 -118.9
adjacent spirals is assumed to be much greater than the spa

Pout in dBm 7.1 5.4

listed in the Table {12 = 40 pm) so that electromagnetic
coupling between inductors is minimized. Note that as a oz 3™ harmonic Poy , in dBm -30.9 -20.1
for the cross-coupled oscillator, the 8-nH symmetric inductor Is
excited differentially whereas the two 4-nH conventional spirals

are each connected in the single-ended configuration. Fig. 1Zhip area is an important design issue as it relates directly
shows the differential output voltage and the single-sidebatwthe component cost in production. The symmetric inductor
phase noise for electrical simulations of the differential osciteduces the total area by 35% when compared with two 4-nH
lator for both inductor configurations. Table V compares theonventional inductors with a 40m spacing. Therefore,
performance of the oscillator for each inductor configuratiothe differential oscillator using a single symmetric inductor
Due to the lower tank impedance at resonance @nfctor realizes a substantial reduction in the overall chip area as well
for the conventional spiral compared to the symmetric spirab improved electrical performance [17]. These benefits have
inductor, a lower output swing and a poorer phase noise resalso been demonstrated in other applications of monolithic
However, the phase noise of the two-inductor design could becrostrip components and differential circuits on RF ICs
improved at the expense of increased bias current. Simulati¢p2]-[24]. The main disadvantage of these components is the
using compact models for the inductors rather thgmarameter increased design time compared to asymmetric inductors, as
data symmetric inductors compare within 3% for the overaimulation time and memory requirements are related to the
oscillator performances. complexity of the physical layout.
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