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An Integrated CMOS Distributed Amplifier
Utilizing Packaging Inductance

Patrick J. Sullivan, Bernard A. XavieMember, IEEE,and Walter H. Ku

Abstract—An integrated CMOS distributed amplifier is pre-
sented. The required inductance needed for the distributed wave-
guide structure is realized by the parasitic packaging inductance
of a plastic surface-mount package. A fully packaged three-
stage distributed amplifier fabricated in a 0.8«m CMOS process
is presented. The distributed amplifier has a unity gain cutoff

since the early 1980’s have been realized as MMIC's on
compound semiconductor technology (GaAs or InP).

The ideal active device for distributed amplification is
a component that has a predominantly capacitive input
impedance. The input impedance of a MOSFET gate is

frequency of 4.7 GHz, a gain of 5 dB, with a gain flatness of:
1.2 dB over the 300-kHz to 3-GHz band. At a frequency of 2 GHz
the amplifier has an input referred third-order intercept point of
+15 dBm and an input referred 1-dB compression point of+7
dBm. The amplifier consumes 18 mA from a 3.0-V supply. The
distributed amplifier is matched to 50 €2 at the input and output
and has a maximum input voltage standing-wave ratio (VSWR)
of 1.7:1, and a maximum output VSWR of 1.3:1 over the 300
kHz to 3 GHz band. The amplifier has a noise figure of 5.1 dB
at 2 GHz.

primarily capacitive making CMOS technology well suited for
distributed amplification. The discrete MOSFET distributed
amplifier was demonstrated over 20 years ago [3]. It was
constructed with individual MOSFET devices and used
bulky microstrip transmission lines fabricated on an alumina
substrate to realize the inductive elements. The use of an
alumina substrate prevented a low-cost integrated solution
for the silicon distributed amplifier. The emergence of the
GaAs MESFET with its higher operating frequencies and
semi-insulating substrate made the early silicon MOSFET
distributed amplifier redundant. GaAs technology could
realize a fully integrated high-frequency distributed amplifier.
Recently, interest in MOSFET distributed amplifiers [4], [5]
has been fueled by the fact that a standard submicron CMOS
process can reach operating speeds well into the microwave
ACKAGING and substrate effects can limitrange [6]. However, there is still a considerable obstacle in
RF/microwave performance of silicon integrated circuitghe realization of useful CMOS distributed amplifiers due to
A distributed amplifier incorporates the input and outpuhe difficulty in realizing high-quality factor inductors and
capacitance of active devices into an artificial transmissiotransmission lines in a standard CMOS process.
line structure. Similarly, packaging parasitics can be absorbedrhe reduced cost of CMOS integrated-circuit (IC)
into the artificial transmission-line structure to enhancabrication as compared to GaAs IC fabrication, and the
the amplifiers performance. A plastic packaged distributedduced cost of plastic packaging as compared to ceramic
amplifier is designed, which absorbs both the parasifrackaging makes a plastic packaged CMOS distributed
inductance of the package and the capacitance of actiweplifier attractive for low-cost broad-band amplifiers
devices to form an artificial transmission line. The primargperating in the low gigahertz region. Potential applications
advantage of a distributed amplifier is that in absorbinghere a low-pass broad-band amplifier is required
the input and output capacitance’s into a transmissioimclude television receivers and cable modems. Present
line structure, the gain of individual amplification stagesable-television receivers (CATV) require constant gain
can be added together without a corresponding decreagfoss the 50-850-MHz region and require very high input
in bandwidth. The distributed amplifier is a well-knownintercept points because over 100 channels can be incident
monolithic-microwave integrated-circuit (MMIC) designon the receiver with no front-end filtering. Future CATV
technique. It is used to realize very wide-bandwidth constarfystems will likely require even larger bandwidth. A CMOS
gain amplifiers, and was first implemented over 60 years aggtriouted amplifier would have constant gain and the high
in vacuum tube technology [1], [2]. Most distributed amplifiersntercept point needed for such applications. The ultimate goal
would be the integration of a CMOS RF front-end, together
with the CMOS baseband to achieve a single-chip solution.
) ) ) ) This paper describes a three-stage distributed amplifier.
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silicon. Although packaging inductors are fixed values, which
can be a design disadvantage, the most common criticism
of exploiting package parasitic inductors is the repeatability
of the inductance value. The main source of error is due
to the variance of the bond-wire length, which depends on
where the silicon die is seated in the package cavity. Inductors
implemented with packaging inductance require extra packag-
ing pin’'s and the only active die area required is the bond
pad. Monolithic inductors occupy considerable active die area
and realize lower)’'s. The real cost of exploiting package
Fig. 1. Ideal three-stage distributed amplifier. parasitics is the expense of using additional package pin’s
to realize the artificial transmission lines. If there are spare
package pin’s, then a package inductance distributed amplifier
is feasible. If a larger package is required, a more economical

. . . . .. solution should be sought.
A distributed amplifier requires two artificial transmission-

line structures. The capacitance of the active devices, together
with the gate and drain inductors, form a set of cascaded low- |||, PARASITICS AND PASSIVE ELEMENTS MODELING
pass filter sections which act like two artificial waveguide
transmission lines [15]. An ideal three-stage distributed am;
plifier is displayed in Fig. 1. The inductors that are need
for a distributed amplifier can be realized in two possibl
ways, as mc_)nolithic inductors or using the parasitic packagi d-frame inductance. These package parasitics are usually
inductance in the IC package. _ considered undesirable, but a distributed amplifier incorporates
The major concerns with monollt_hlc mdt_;ctors mplemen_te&ese parasitics into the artificial transmission-line structure to
on a silicon process are the series resistance of the intgfy,nce the amplifiers performance. Lumped-element models
cor_mects and the Iqssy s_lllcon substrate. S_lllcon processiighe bonding pad, plastic surface-mount package, and on the
typically uses aluminum interconnects, which have high@fin monolithic inductor were determined by extraction and
resistivity than the gold metallization used in GaAs processingstimization of two-portS-parameter measurements. There
Silicon interconnects are typically only Am thick due t0 \ya5 ng attempt to model substrate coupling effects on the
the dry-etching process used, as compared to GaAs intglicon substrate.
connects which can be several microns thick in some GaAstpe bonding pad [9gm x 90 um of top layer metal §72)]
processes, due to the lift-off process employed. Overall, the modeled by a lumped-element circuit [14] consisting of
series resistance of silicon interconnections is much highershynt parasitic capacitance and series substrate resistance.
than GaAs interconnections which degrades the quality facigrjymped-element model of a 24-pin small shrink outline
(@) of silicon inductors. Nguyen and Meyer [7] have showfissop-24) plastic surface-mount package was generated. An
that spiral inductors implemented on a standard silicon procgggividual pin model is composed of a package lead and bond
can provide@'s of five at 1 GHz andQ's of three at 2 \jre modeled by two separate series inductors and a shunt
GHZ, limited mainly by the interconnect series resistancgapacitor_ The Comp|ete package and bonding pad |umped_
Recently there have been many exotic attempts to improve fi@ment model of a single package pin is displayed in Fig. 2.
Q factor of Spiral inductors fabricated on silicon substrate. Thﬂastic packages have considerable mutual Coup"ng between
techniques usually require additional process steps and depgihboring pin’s at RF and microwave frequencies. The
from standard commercial silicon processing. The techniquesitual inductance of the package pin's were simulated with
can be divided into two categories, reduction of series 10g§e aid of an electromagnetic simulator. The mutual and self
in the inductor or reduction of losses in the substrate. |Aductance were modeled with an inductance matrix. The finite
the first category, researchers have tried to reduce the indgefactor of the package was modeled by including a small
tor's series loss through gold metallization [8] or the use @kries resistance.
multimetal layers [9]. Second category methods have triedTo assess the performance of a monolithic inductor a two-
to reduce the losses of the substrate through high-resistiidyer metal on-chip square—spiral inductor was fabricated.
silicon substrates [10], thick oxide/polyimide deposition [11]The inductor was a four-turn square spiral. The metal width
or etching to create trench isolated inductors [12]. Even withas 18 um with 8 yum spacing between turns. The CMOS
these process modifications, it is rare to see inductors realizgdcess was a low resistivity interconnect process, which has
on a silicon substrate with peal factors above ten. slightly thicker metallization than a typical CMOS process.
Modern plastic surface-mount packages have parasitic ifhe process consisted of a 2uin-thick top-layer aluminum
ductance on the order of 3 nH and these inductance’s flavametallization §42), and a 1.1zm-thick first-layer metal §/1).
factors on the order of 30 in the low gigahertz region [13]Top layer metal }/2) was separated from/1 by a 1.1um
Clearly, package inductors have significantly better qualiyxide (SiG) and A/1 was 1.5um above the 10-12cm pt
factors than the best monolithic inductors implemented @ubstrate. To reduce the inductor’s series resistadeeM 1

Il. | MPLEMENTATION OF INDUCTORS MONOLITHIC,
OR PARASITIC PACKAGING INDUCTOR

As the frequency of silicon IC’s increases into the mi-

owave region of operation, parasitics become a significant

rt of the circuit. Important packaging parasitics are the bond-
pads on the silicon substrate, the bonding wire, and the
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L, L,

cg ;%FC

Parameter Value Description
L, 2.5nH Lead Frame Inductance
L, 1 nH Bond Wire Inductance
C, 300 fF Lead Frame Package Capacitance
C, 53 fF 90 x 90 um” Bond Pad Capacitance
R; 160 Q 90 x 90 pm’ Bond Pad Substrate Resistance
K, 0.3 Inductor Coupling Coefficient, Nearest Neighbor
K 0.1 Inductor Coupling Coefficient, Next-nearest Neighbor

Fig. 2. Lumped-element model of a packaging pin.

Lo
L R()
0 )
C, __c,

Parameter Value Description

L 2.4 nH Inductance
R(f) 3.5Q Series Resistance

C 14 fF Capacitance between Inductor Windings
Ci 672 pF Capacitance to the Substrate

R 334 Q. Substrate Resistance

K, 0.6 Frequency Dependent Fitting Constant
K, 1.3 Frequency Dependent Fitting Constant

Fig. 3. Lumped-element model of a monolithic inductor. Two-layer metal CMOS process.

vias were place along the entire length of the square—spisaipply the designer with a BSIM (Berkeley Short Channel
inductor. The on-chip square—spiral inductor was modeled B3FET) SPICE model. The accuracy of the foundry supplied
a lumped element with a frequency-dependent resistor. TREIM SPICE models at microwave frequencies is questionable
frequency-dependent resistor models the dc series resistasinee the capacitance values are generally determined by dc ex-
and the nonuniform current flow in the inductor at highraction and verified against propagation delay measurements.
frequencies due to the skin effect. The frequency-dependemt inverter or chain of inverters is used to measure the prop-
resistor is modeled [8] aRs = Ro(1 + K f*2), whereR, agation delay. Clearly, the CMOS devices are transitioning
is the dc series resistancgjs the frequency in gigahertz, andbetween cutoff and the ohmic region when the propagation
K and K are curve-fitting constants. Two-pdftparameter delay is measured. Microwave circuits generally require the
measurements were conducted on the monolithic inductor wibtive devices to be operated in the saturation region, with the
both ports floating. A lumped-element model was derived ikception of some power-amplifier applications. An additional
Fig. 3. The capacitor in parallel with the inductor represeniea of concern is the fact that the BSIM-Il SPICE model
the capacitance between the turns. The parasitic capacitancgdes not account for gate resistance. This is an important
the substrate, and substrate loss, is modeled with a capagigfameter in noise-figure computations and high-frequencies
in series with the resistor connected to ground. performance. As was noted in early GaAs MESFET distributed
amplifiers [15], gate resistance causes gain rolloff at high
frequencies. The gate material used in CMOS technology is
IV. ACTIVE-DEVICE MODELING either silicided polysilicon or nonsilicided polysilicon. With
CMOS foundries invest significant effort in device modelpresent standard CMOS processing (silicided polysilicon sheet
ing, but the models are primarily intended for digital CMOSesistance is on the order of€4/[7), nonsilicided polysilicon
design at baseband frequencies. Typically, CMOS foundrisssignificantly higher on the order of 90/C0. The total gate



1972 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 10, OCTOBER 1997

resistance is a layout-dependent parameter and can be lowered SSOP-24 plastic surface
by practices such as multifinger transistors and gate contacts mount package
with multiple vias on both sides of the polysilicon gate.
ground/ | [ ]ground
input gatc line| - L |drain line termination
V. REVIEW OF THE THEORETICAL GAIN ground || | [ ground
AND THEORETICAL NOISE FIGURE . = - L .
gate line connectio [ —)drain linc connection

Aitchison [16] and Beyeret al. [17] have shown for an groun dl:
idealized loss-free distributed amplifier that the small signal ]
gain G is predicted by (1), wherg,, is the transconduc- %€ ”"“"’“““ﬁ"“é
tance of each stage in the distributed amplifier aWdis ground_|
the number of stages of the distributed amplifier. A further  gate line terminationl 1
simplification is valid when two conditions hold. First, if the ground|
gate-line phase constasf, and drain-line phase constafif N
are equal, then the gain becomes independent of frequenc o R o
and is maximized. Secondly, if the characteristic impedanggy 4. Distributed amplifier utilizing packaging inductance.
of the gate-lineZ,, and drain-lineZ,, become equal to the
characteristic impedancg,, then (2) is valid. In theory, there Presently there is a lack of published experimental data for
is no restriction on the gain-bandwidth product. The gaishort-channel MOSFET draify) and gate(§) noise co-
can be theoretically increased indefinitely by increasing tledficients, although there has been recent interest in these
number of stagesv, while the bandwidth remains constantcoefficients for the design of CMOS low-noise amplifier
This only applies for the loss-free case. In order to approximgleNA’s) for RF applications [22].
this ideal case, the inductors used to realize the artificial

| |ground

%drajn line connection
| | ground

F | drain linc output

[ ] ground
&

nh

transmission line should have as higtydactor as is possible: VI. DESIGN OF ACMOS DSTRIBUTED AMPLIFIER
02, ZngZng [ sin %(/351 — By) 2 _ In designing a di_stributed amplifier, t_he first step is the de-
G= 2 WL (F,— 7 (1) sign of the waveguide structure. Selecting fhand C values
sin 3 (A 2) for the waveguide sets both the characteristic impedance of the

NgmZo 2 transmission line and the cutoff frequency of the waveguide.
G= < 2 ) ) (2) When using packaging inductance, thecomponent is pre-
i . determined by the selection of the package. A single-package
Van der Ziel [18]-{20] has postulated that only two noisgj, js required to implement th&/2 inductor section. A full
sources are present in an FET, a channel thermal-noise souic,qctor section is then formed from two pin's in series;
ig, and a gate thermal-noise sourge These noise SOUTCeSthe signal leaves the chip on one pin then reenters the chip
can aIS(_) be corr_el_ated, which can be modeled with a complgX the other pin (see Fig. 4). For the SSOP-24 package that
correlation coefficient: was used, a single pin which is equal kg2 is 3 nH. The
iqit, = YAkTgaoA f E = §4kTg,Af, d(_asign cho?c_e is the size of the active device, which tog_ether
202 with parasn!cs, sets the’ component of the Wave_gw_de
W s (3) structure. WithL andC' values determined, the transmission-
59do line equation determines the waveguide cutoff frequency. For
In the above thermal-noise sources is the zero-bias drain €xample, the cutoff frequency of the gate transmission line
conductanceyy is the drain noise coefficien| is the gate Jfegate IS determined by the gate-line inductante (fixed
noise coefficient, ang, is the induced gate conductance. Theond wire), and the gate-line capacitance, which is composed
drain noise coefficient is a bias-dependent parameter, but i§f active device capacitanc€qs (design choice) and the
typically between2/3 < v < 1 for long-channel MOSFET Parasitic capacitance,, as represented by (5). The units in
devices. For short-channel MOSFET devices operating in tH transmission-line equation are in inductance or capacitance
saturated regiony can be greater than one and may be &' unit length or can be viewed as inductance or capacitance
high as two or three [21]. The gate noise coefficignts Per section of the distributed amplifier as follows:

where g, =

typically 6 = 4/3 for long-channel MOSFET devices. For P 1 (5)
short-channel MOSFET devices, one expett® be larger C.gate — 27v/L5(Cas +CP)'

due to hot electron effects. Aitchison [16] analyzed the noise

figure of a GaAs MESFET distributed amplifier using the VaMVe are also interested in the drain-line capacitances. Typi-
der Ziel noise model. The resulting analysis showed the noigally, when designing distributed amplifiers on GaAs extra
figure decreasing with an increasing number of stages. Té@pacitance(’; is added to the drain line to ensu€a;s =

noise figure was shown to be approximated by (4) for a lar§és + C1, Which aids in keeping a constant phase relationship
number of stagesV: between the input and output signals. The CMOS distributed

. amplifier has a extra capacitance on the drain line, the drain-
ZoNw"Cib 4y (4) bulk capacitanceCpg, which a GaAs distributed amplifier

F=1+ .
39m NgmZo does not have due to the insulating substrate. The MOSFET
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Fig. 6. SimulatedS11| and |Saz|.
Fig. 5. Initial simulated|S21|? implementations for monolithic inductors
and packaging inductors.
input referred IP,,
. . _ _ _ ad Measued=+15dBmn — P
drain capacitance is due to both drain-body capacitarisg
and drain-source capacitan€&,g of the active device. The 580
drain was design larger than normal to increase the drain-line AGGOO’ ,

. . . . . . 0 | A NN pEy=e T T ——
capacitance via an increase 6f5, which aided in phase B o@d B 0% 0 5, 0 0B
matching the two transmission lines. = o7 P,, (dBm) -

E o Py
E o’ ;A
VII. SIMULATION OF A CMOS DSTRIBUTED AMPLIFIER «3‘2‘" o
. . . o A
The derived lumped-element models were used in conjunc- e
tion with MOSFET device models to design and predict the . <
performance of a three-stage distributed amplifier in both a ] Va
. . . . . . . . / o Fundamentd NMeasured
time-domain circuit simulator and frequency-domain circuit v A Third order intermoduiation Meastred
simulators. * Fudemertd Smuded
& Third order intermoduation Simuated

To evaluate the performance of the monolithic distributed
amplifier as compared to a package inductance distributeig. 7. Measured and simulated input referred third-order intercept point.

amplifier, S-parameter simulations were undertaken. Two-

port S-parameters were simulated using the linear analy .?om the simulated results there seems very little advantage
capabilities of a time-domain simulator (SPICE) and the small- y 9

signal frequency-domain simulator of a harmonic-balance tob) implementi.ng a diStribL!tEd amplifier using spiral inductors
for comparison. The time-domain simulator utilized modifie?ﬂ’”th presenF mterc_:onnectlon technology. .
BSIM-I SPICE models (implemented as HSPICE leve2s), Further §|mylat|0ns were copducteq for the package in-
whereas the frequency-domain simulator employed IeveI-th@'éCtance 'cys.trlbuted ampl'lﬂer with the time-domain §|mulator
MOS models. Fig. 5 shows a comparison|; |2 of the two SPICE_ utlllzmg_ t_he mod|f2|ed BSIM-I2 models. Thg sm_1u|ated
distributed amplifiers at the bias conditions of 18.0 mA frorffflection coefficientsSy; | and |Sz,|* are shown in Fig. 6.

a 3.0-V supply. This bias point was used for all simulations"€ third-order input-intercept point was simulated by apply-
and measurements. The distributed amplifier realized wifhd two equal tones spaced 50 MHz apart; two simulations
monolithic inductors has a very poor gaiff4|? = —4 dB  Were undertaken at number of different power levels to ensure
at 2 GHz) when compared to the amplifier utilizing packag&e distributed amplifier was not in compression (Fig. 7). The
inductance |52;/2 = 5 dB at 2 GHz). The additional loss 1-dB compression point was simulated by sweeping the input
arises due to the lov) factor of the monolithic inductors. Power of a single-tone source (2 GHz) from40 dBm to
Typical uses of spiral inductors in silicon RF IC’s are as RF-10 dBm in 1-dBm steps (see Fig. 8). The noise figure of the
loads or degereration inductors—rarely does the signal p&#ckaging inductance distributed amplifier was simulated and
transverse across the entire inductor. When the spiral indud®glisplayed in Fig. 9. A simulation df5,;|? of the distributed

is in series with the signal path, insertion loss becomesamplifier with the lumped gate resistance varied from 20 to
critical factor. The insertion losses due to the spiral inductot§0 €2 in increments of 402, shown in Fig. 10. Clearly, the
are accumulative in a distributed amplifier topology and hagate resistance parameter has a significant effect on the gain
a direct effect on the gain and noise figure of the monolithftatness and the cutoff frequency of the amplifier. Existing
distributed amplifier. The insertion loss of a monolithic inSPICE models such as BSIM-I, modified BSIM-I, and BSIM-
ductor L. section was simulated and determined to be 0.8 dB.(HSPICE level 13, 28, and 39) do not adequately model
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Fig. 9. Measured and simulated noise figure. Fig. 11. Measureds-parameters.

gate resistance, and caution should be used when designjpgd mechanical and thermal contact between the IC and the
cutoff frequencies of a CMOS distributed amplifier with suchackage, but no electrical contact between the backside of the
models. The proposed BSIM 3v3 MOS model includes gagilicon IC and the paddle. The ground plane (paddle) achieved
resistance as the modeled parameter and should help alleviatgood RF ground with six lead-frame pin’s, which were
the present situation. tied to PCB ground and physically attached to the package
ground plane (paddle). The total ground lead inductance was
VIIl. EXPERIMENTAL RESULTS estimated to be 0.9 nH. This technique obviates the need for
A distributed amplifier that utilized the parasitic packaging Packside grounded IC, which requires additional processing
inductance to create a waveguide structure was constructl@Ps and additional cost when compared to standard silicon
The distributed amplifier was fabricated on a commerci¥f Packaging technology. The plastic surface-mount package
0.8-um CMOSn-well two-layer metal process. MOSFET gateVas soldered onto a standard fiberglass printed circuit board
resistance was minimized to reduce gate transmission-line I§s&4). Two 50£2 microstrip lines on the PCB mated the gate
in the distributed amplifier—a salicide process and the physid@put line and the drain output line to two SMA connectors,
layout of multiple fingers aided in this goal. Three NMOSVhich enabled two-port measurement. Bias was provided by
devices were used as the active elements in the three-stige microwave bias-Tees.
distributed amplifier. Each active device consisted of 20-finger All measurements were taken under identical dc-bias condi-
single-sided gate contacts, with dimensions of>20.8 um tions: 3 V on the drain line and 1.2 V on the gate line. At this
per finger. This gives a total gatewidth of 4Q@m. The bias point the distributed amplifier consumed 18 mA, requiring
distributed amplifier occupied an active area of 22820,:m, a total power dissipation of 54 mW. Fig. 11 shows two-port
including all bond pads. The distributed amplifier IC die wa§-parameter measurements from 300 kHz to 3 GHz. The
encapsulated inside a SSOP-24 plastic surface-mount packatgributed amplifier is matched to $Dat the input and output
To minimize ground lead inductance, three down bonds in totahd achieves a measured gain4eb dB with an associated
were utilized (one down bond per stage) from the IC to thgain flathness oft-/—1.2 dB in the 300-kHz to 3-GHz band.
metal package ground plane (paddle). The IC was epoxied withe maximum input voltage standing-wave ratio (VSWR)
nonconductive epoxy to the metal paddle. The epoxy maintaiwas 1.7:1 and the maximum output VSWR was 1.3:1, which
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TABLE |
COMPARISON OF MEASURED, SIMULATED, AND THEORETICAL RESULTS
[1]

MEASURED | SIMULATED | THEORETICAL 2]
Conversion Gain 5dB 6 dB 6.9 dB
Noise Figure 5.1dB 5.2dB 2.5dB [3]
input IP3 +15 dBm +12.5 dBm -
input 1 dB Compression +7 dBm +7 dBm - (4]

corresponds tdS1;|2 < —6 dB and|S2]? < —9 dB (300
KHz-3 GHz). The amplifier has a unity gain cutoff frequency
of 4.7 GHz. Fig. 7 shows a two-tone IP3 measurement at 2.
and 2.05 GHz, resulting in a measured input referred third-
order intercept point of+15 dBm. Fig. 8 shows an input [7]
referred 1-dB gain compression ef7 dBm, measured at
2 GHz. At room temperature, noise-figure measurements wefé
taken (with reference to a 5Q-source resistance) from 500
MHz to 2 GHz (see Fig. 9), and the noise figure is 5.1 dB
at 2 GHz. [9]
Using the simulated transconductance of a single stage
yields a theoretical gain of 6.9 dB. Assuming the MOSFETio]
is operating as a ideal long channel device—a rather poor
assumption—then the noise coefficients are= 2/3 and |y,
& = 4/3, resulting in a theoretical noise figure of 2.5 dB.
Comparison between theoretical, simulated, and measuE%zci
results are shown in Table I.

(5]

[13]
IX. CONCLUSION
Today’s CMOS technology is capable of producing active™
devices operating in the RF and low microwave band. Induc-

tors implemented monolithically on the silicon substrate Witf:l5
present-day interconnect and substrate technology have lal gé
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