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RF-CMOS Performance Trends

Pierre H. Woerlee, Mathijs J. Knitel, Ronald van LangeveMember, IEEEDirk B. M. Klaassen, Luuk F. Tiemeijer,
Andries J. Scholten, and Adrie T. A. Zegers-van Duijnhoven

Abstract—The impact of scaling on the analog performance of ration conditions and gate bias near threshold). Experimental
MOS devices at RF frequencies was studied. Trends in the RF per- results including RF FOM such as the cutoff frequenigy),

formance of nominal gate length NMOS devices from 350-nm to : At : :
50-nm CMOS technologies are presented. Both experimental data maximum oscillation frequencifu.x), maximum stable gain

and circuit simulations with an advanced validated compact model (gmsg),_minimum noise figurgNEF in), Iir_learity _(VIP?:), and

(MOS Model 11) have been used to evaluate the RF performance. 1/ f noise level are presented for three industrial CMOS tech-
RF performance metrics such as the cutoff frequency, maximum nologies with feature sizes of 350 nm, 250 nm, and 180 nm.
oscillation frequency, power gain, noise figure, linearity, andL/f  circuit and device simulation results for the RF device perfor-

noise were included in the analysis. The focus of the study was ted f inal gate | th NMOS devi
on gate and drain bias conditions relevant for RF circuit design. mance are presented for nominal gate leng EVICES

A scaling methodology for RF-CMOS based on limited linearity from CMOS technologies with feature size down to 50 nm. A

degradation is proposed. validated compact model (MOS Model 11) [3], [5], [6] is used
Index Terms—CMOS integrated circuits, MOS devices, mod- for prediction of the RF performance trends. This model has
eling, radio frequency. been especially developed to give an accurate description of the

linearity. It is well suited for digital, analog, and RF simulation.
In Section VII, a scaling methodology for RF-CMOS for lim-
ited linearity degradation is presented.
HE scaling of CMOS has resulted in a strong improve-
ment in the RF performance of MOS devices [1], [2], [15].

Consequently, CMOS has become a viable option for analog RF
applications and RF system-on-chip. Performance metrics suctfirst-order equations for the RF FOM such as the cutoff
as cutoff frequency, maximum oscillation frequency, and miftequencyf;, the maximum oscillation frequencf.... based
imum noise figure have been studied widely [1], [2], [8]. Howon the maximum available gain (MAG), minimum noise figure
ever, trends in large signal performance (linearity) and low-frélF'min, @and third harmonic intercept voltagérs are given
quency noise are not well known. Linearity and noise are kéglow [4]
parameters for RF circuits such as low-noise amplifiers (LNAS).
Low-frequency noise is important for the phase noise of RF cir- i :i . Gm 1)
cuits such as voltage-controlled oscillators (VCOs). Phase noise 21 Cgg + Cpar + Cgso + Cgao
and linearity specifications are severe for future wide-band com- P 1,
munication systems. max =

The emphasis of previous work [1], [8] was on the maximum 2/(Byg + Ri)(us + 27 fiCgao)
or minimum values of the RF parameters, i.e., power consump- o / ]
tion was neglected. However, for circuit applications, the RF Nin =14 - ﬁ\/‘qm(Rg + A+ R ®)
performance at low gate bias (i.e., just above threshold) is more
important. Trends in the RF performand¢,f noise, and lin- Virg =
earity at such bias conditions are not well known. First-order

equations for the RF figures of merit (FOM) are not suited t@hereg,), is the transconductance;, is the third-order deriva-
predict the RF performance at arbitrary bias conditions. Instegge of the drain current versus gate bias; afgk is the extrap-
a more appropriate method would be to use circuit simulatigylated input voltage amplitude at which the first- and third-order
with a validated CompaCt model. A detailed Study of the key %tput amp”tudes are equa'_ The Capacitar@&s Cpar; Cgsoy
performance metrics including noise and linearity at bias COBNdC,q, are the intrinsic input capacitance, parasitic gate-bulk
ditions which are relevant for RF circuit design is needed. Capacitance, and the gate_source and gate_drain Over|ap capac-
In this paper, the RF performance of nominal gate lengffances.R, is the gate resistance aif] is the real part of the
NMOS devices from 350-nm to 50-nm CMOS technologigsput impedance due to nonquasistatic effe@sand g4, are
is studied at bias conditions relevant for RF design (i.e., safe source series resistance and output conductance. The above
equations give an indication of the impact of technology pa-
Manuscript received December 15, 2000; revised March 9, 2001. The revigameters on the RF FOM. For linearity FOMp3 is used as a
of this paper was arranged by Editor G. Baccarani. _ first-order parameter, a largéps is required for high linearity.
The authors are with the Philips Research Laboratories, 5656AA, Elndhov?}qI,Pg is easily obtained from the dc characteristics. It gives a
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[11]. Note thatf;, fuax, andNF,,;, are obtained at different
measurement and impedance matching conditions. This has to
be taken into account in the analysis. The parametgts and
NF,.;n are only slightly affected by parasitic capacitance at the
input (i.e., as long as its quality factor is high). For this reason,
the influence of parasitic gate-bulk capacitance is not taken into
account in the analysis of the cutoff frequency, noise figures,
and.ﬁnax-

I1l. EXPERIMENTAL DETAILS

The minimum gate length NMOS devices from 350-nm,
250-nm, and 180-nm mainline CMOS technologies were
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Cut-Off Frequency (GHz)

1777

100 200 300 400 500
Minimum Feature Size (nm)

600

studied. The wafers were supplied by industrial foundriesig. 1. Measuredf. data of nominal gate length NMOS devices from

The device width was varied between 160 and 192. An

optimized multi-finger layout (common source type) witt{l]’ 412 08
five to six layers of metal was used to reduce parasitics 100
(Rg, Ry, Cjun). The finger width was varied between 2.5 and = [
160 um. Small-signalS-parameters were measured on wafer 5
up to 40 GHz using a HP8510 Network Analyzer. ‘o;
Linearity (Vip3) was measured by a dc method. Very high S
accuracy current—voltagé {1") characteristics were obtained q?.’-
using Keithley 2400 SourceMeters. The higher order transcon- ra
ductances were obtained by numerical differentiation. g
Low frequency noise was measured on packaged devices. 3
NMOS and PMOS transistors (with” x L = 10 x 4 pm?, S

whereW and L are the transistor width and length, respec-
tively) were dc characterized before noise measurement. From
every variant, three to four nominally identical samples (with
minimal dc parameter variation) were selected f@ff noise

industrial CMOS technologies versus minimum feature sille.Rhilips, A

10

> CHD> B
>

100 200 300
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400

measurements. Noise measurements were all performed urkiter2. f... data of nominal gate length NMOS devices versus minimum

saturation conditions and at variable effective gate Bigs
(= Vas — Vi whereV; is the threshold voltage). They were car-
ried out with a BTA 9812A standard noise probe. We present

feature size M Philips dataA [1], A [2],  [8]).

IV. EXPERIMENTS

data in terms ofS, ..., the input referred voltage spectral The measured maximufy of 350-nm, 250-nm, and 180-nm
density, which is defined asS,4aie = St/g2,, With g,, the NMOS devices is plotted in Fig. 1 with data from [1], [2], and
transconductance. Averagg,... values at 100 Hz and stan-[8]. The total device width was either 160n or 192,m. For
dard deviations based on sample-to-sample spread were datgf-180-nm technology; exceeds 60 GHz. A strong improve-
mined. The sample-to-sample spread is at most a factor of 2. REnt with scaling is observed due to an increagedOur data
noise was measured on wafer up to 15 GHz using a HP879@ké in line with those from references [1], [2], and [8]. In Fig. 2,
noise figure measurement system. Details will be publishey ., values (based on MAG extrapolation) of nominal devices

elsewhere.

are plotted together with data from [1], [2], and [8]. Our data

For accurate RF simulations MOS model 11 [3] with juncexceed 50 GHz for both 250-nm and 180-nm devices. It should
tion capacitance, substrate and gate resistance [6], and high{f@noted that the measurementfgf. is difficult. Extrapola-
guency noise model [5] was used. The model was validated ptien of g,,,., (maximum available gain) above the range of the
viously for these technologies. This model has been especiafigasurement frequency is a challenge. Hence, the accuracy of
developed to give an accurate description of the linearity. MQfe f,,,..,. data is limited. The values reported by us are conserva-
Model 11 includes gate depletion and quantum mechanical c@ive estimates. The trend ify... With technology scaling is not

rections to the gate capacitance. The model of Hetrad.[12] is

clear, the influence of layout, the gate resistance, and other par-

included forl/ f noise modeling. For the simulations a devicasitics is very important. The,.... data obtained for our NMOS
width of 192 ym was used. This width is typical for an LNA devices are comparable with those from [1], [2], and [8].
amplifier. A folded layout was used; the finger width was scaled Data forNF,,;,, were measured for the 250-nm and 180-nm
in proportion with the technology. The data are plotted versdéMOS devices. Data forthe minimum noise figure ata frequency
drain current per micron device width for the maximum allowedf 2 GHz are plotted in Fig. 3 together with data from [MF ..y,
drain bias. This is more relevant for power constrained scalirgecreases strongly with scaling due to an increasg.iThe
Note that there is a direct relation between the drain current amdh-frequency noise of MOS devices is very low and improves

the applied gate bias.

strongly with scaling. Our data is in line with that from [1].
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Fig. 5. Input referred spectral noisg,, ... times device area of 10/4m?
Fig. 3. Data of the minimum noise figure at 2 GHz of NMOS devices versudMOS devices with variable gate oxide thickness.
minimum feature size M Philips dataA [1]).

10 all devices. The model of Hunet al. describes the technology
dependence as well as the dependence on gate and drain bias
accurately.

The maximum RF performance of our devices is excellent
and in line with that from [1], [2], and [8]. Simulations with the
MOS model 11 show good agreement with the experimental RF
data forfi, fmaxs NFmin, NF50, nonlinearity(Vips), and1/f
noise [3], [5]-[7], [10], [13].

+ 180 nm
4 250 nm
© 350 nm

01 , . V. SIMULATED RF FERFORMANCE TRENDS
1 10 100 1000 The calibrated MOS model 11 has been used to predict the
Ib (wA/um) RF performance of the nominal gate length NMOS devices from
) ) ) i advanced technologies (down to 50 nm CMOS) from weak in-
Fig. 4. Vips data of nominal gate length NMOS devices from 350 ({t), . L. . .
250 nm(A), and 180 nni4) CMOS technologies. The device widthwaga ~ VErSION conditiong/ys ~ 1 uA/pm) to strong inversion con-
Lines: MOS model 11. ditions (I4s = 1 mA/um). The supply voltage is scaled from
2.5V (250 nm) to 0.6 V (50 nm). The RF model contains the
The measurelfp; is plotted in Fig. 4 versus the drain currenMOS device with external gate resistance, junction capacitance,
per micron width. A singularity iips is observed at low cur- and bulk resistance network. Compact model parameters are
rent per unit width. This corresponds with a gate bias in the mo@stimated using the 1999 ITRS roadmap as a reference. For
erate inversion region. The position of the singularity shifts ¢ gate/drain overlap capacitance, a value of 0/3:/fff was
higher drain current per unit width with scaling toward smallessumed. For a power constrained noise optimization, the de-
dimensions. Typical circuit operation is in the moderate inveYice width hardly varies with technology scaling [14]. Practical
sion region (drain current: 5-50A/um). As can be seen in values of the device width are of the order of several hundreds
Fig. 4, Vips changes significantly in this region. For high lin-Of micrometers. In the simulations, the device width was fixed
earity, Vips should be large, hence operation in the weak invefl 192,m. A folded finger layout was used to minimize the
sion region is not recommended. It appears that for high linearfigté and bulk resistances and junction capacitance. The finger
(i.e., largeVips) the drain current per unit width has to increas#idth was scaled from gm (250 nm CMOS) to im (50 nm
with scaling. Note that the observéghb; behavior is described CMOS). The parameters of interest are cutoff frequefyey,
well by MOS Model 11 (see Fig. 4). The transition from weak@ximum stable gaig...g), minimum noise figure X ,in),
(exponential/-V) to strong inversion (lineaf—V’) dominates 20%2 noise figure NF;o) linearity (Virs), and the input referred
Vips at low current(10 zA /um). At high drain current per voltage.n0|se spectral density of th_)éf noise. Data 0f,,,.; are
micron width (i.e., for high gate drive) velocity saturation an§nOWn instead Of . becausgms, is more relevant for actual
series resistance domindters [13]. device operation in the frequency range be_tween land5 (_3Hz.
The trend in1/f noise with gate oxide scaling is shown iante that data are plotted versus the dc dral_n current per micron
Fig. 5 for NMOS devices with oxide thickness values betweé’H‘dth for each_technolo_gy. This parameter is more relevant for
2 and 20 nm [10]. For low gate bia, ... scales roughly with POWer constrained scaling.
t2_, indicating that number fluctuations dominate ¢ noise.
At high gate biasS, ... increases strongly with’,, for thin A Cutoff Frequency
oxide devices. The gate bias dependence leads to a weaker d& Fig. 6, the cutoff frequency; of nominal gate length
pendence on oxide thickness. The lines in Fig. 5 are based onfiOS devices is plotted as a function of the dc drain current
model from Hunget al.[12] using the same two parameters foper micron width. A maximumf; higher than 200 GHz is
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Fig. 6. Simulated cutoff frequency of nominal gate length NMOS devices of 10
250-nm(A), 130-nm(M), 100-nm(a), 70-nm(0), and 50-nm(4) CMOS 1 10 100 1000
technologies as function of the drain current per micrometer width. The total Iy (uA/Mm)
S

device width was 192m.

Fig. 7. Simulated maximum stable gain of nominal gate length NMOS devices
observed for the 50-nm NMOS device. This data is in linef250-nm(A), 130-nm(M), 100-nm(4), 70 nm(d), and 50-nn{4) CMOS

with [1]. At low drain current (1Q:A/um) f, exceeds 50 GHz ;ee‘i;‘;‘g'\f’v?éfﬁ ;Z;‘ig%‘;” ?;éhffe‘(’;:gr‘]C";ugrs‘tngrHchmmeter width. The total
for 50-nm devices. It appears that both for low (i.e., moderate
inversion) and high drain currents (strong inversigh)in- 1
creases with downscaling. The increase per technology is ti
same(1.4x) for low and high drain currents. For very low

(=1 pA/pm) drain currentf, does not scale. This behavior 08 r
can be understood from (1).

The gate capacitance per unit width does not scale with tec\a
nology because of the compensating effects of feature size 1@
duction and increase of oxide capacitance. The transcondu
tance at fixed dc drain current increases with the scaling facts 04 }
(1.4x) in moderate and strong inversion. Hence in these re
gions f; increases with a factor 1.4 per generation. For wea
inversiong,, is proportional to the current (i.e., subthreshold re-
gion). Hence for fixed current,, does not increase. As a result
fr does not scale with technology for weak inversion conditions 0 e
For both moderate and strong inversion the cutoff frequency in 1 10 100 1000
proves significantly. Thé.4x increase inf; per generation in lys (LAJUm)
moderate inversion is very encouraging for future RF CMOS
circuits. Fig. 8. Simulated minimum noise figure of nominal gate length NMOS

devices of 250-nmjA ), 130-nm(M), 100-nm( 4 ), 70-nm(O), and 50-nnv{ ¢)
. . CMOS technologies as function of the drain current per micrometer width. The
B. Maximum Stable Gain total device width was 192m. The frequency was 2 GHz.

The dependence @k, On drain current per unit width is
shown in Fig. 7 for a frequency of 2 GHz. A maximug,s, order of hundreds of micrometers). To indicate the noise per-
of 27 dB is observed. It appears that., increases systemati- formance at realistic matching conditioN$';, data are shown
cally with scaling.g..« iS proportional to the transconductancédor a 192;:m wide device. In Fig. 9, the noise figure for a real
of the device. At fixed current the increasegiq., is approxi- source impedance of 50 (NF;o @ 2 GHz) is plotted versus
mately 1.5 dB per generation. Very high power gair25 dB)is  dc drain current per micron width. Note that for this matching
possible at realistic current for the most advanced technologiesndition the device width is even more important. The data

are shown as indication only. It appears thdt;, decreases
C. Noise Figure strongly with downscaling. Itis very encouraging that 5l 5o

The minimum noise figure is plotted versus drain current ir< 1 dB) can be obtained at realistic gate bias conditions.
Fig. 8. The frequency was 2 GHXF,,;, decreases strongly
due to scaling. Our data agree well with [1]. The improveme
is significant also at low current. This is mainly due to the in- In Fig. 10, Vips is plotted for NMOS devices versus drain
crease inf;. Note that for the noise figure the device width igurrent per micron widthVipsz depends strongly on drain cur-
very important due to impedance matching constraints. For regdnt (i.e., gate bias). A systematic trendigps is observed. The
istic matching networks the device width has to be large (in tipeak shifts systematically to higher drain current per unit width

02 F

R Linearity
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) . . . ~ Fig. 11. Solid curve: predictefl, ... as a function of technology generation
Fig. 9. Simulated 5@ noise figures of nominal gate length NMOS devicegor NMOS atV,, = 100 mV. The contributions of the number fluctuation
of 250-nm(A ), 130-nm(M), 100-nm(a4), 70-nm(0J), and 50-nn{4) CMOS  term and the mobility fluctuation term t6,,... are separately depicted. For
technologies as function of the drain current per micrometer width. The to@mparison the 1999 road map data is adtledl. ¢: experimental results of
device width was 192m. The frequency was 2 GHz. existing generations.

100 TABLE |

SCALING METHODOLOGY

Scaling factor
Width W 1/
Length L 1/A
; Supply voltage | 1/3
> Power 175
o 1.0 : Current/width | o
>_ Total current 1

portion with the square of the scaling factor the input referred
1/f noise spectral density remains the same.

0.1 s S TN VI. SCALING METHODOLOGY
1 10 100 1000

The scaling trends presented in the previous section indicate
las (nA/um) that the RF performance at constant drain current per unit
Fig. 10. Simulated third-order voltage intercept point of nominal gate IengWIdth improves strongly Wl_th scaling for the parametefs
NMOS devices of 250-nniA), 130-nm (M), 100-nm (&), 70-nm(0), and  Jmsg. NF'min, @nd NFso. This holds for both the moderate
50-nm(4) CMOS technologies as function of the drain current per micrometejnd strong inversion operating regions. However, the linearity
width. The total device width was 192m. parameterVips behaves differently. The drain current per
unit width has to increase to maintain a good linearity. Since
(increasd.4x per generation). A similar effect was observed il[b_rge signal performance is extremely important for modern
the experimental data in Fig. 4. At high drain current (strong ilRE communication systems a strong degradation in linearity
version) the linearity parameter degrades slightly with scalingarameters is not desirable. A scaling methodology which
The shift of the peak toward higher current is not desirable, |jits Vip5 degradation is presented below. The methodology
implies that a higher current per micron width is needed to prg-most suited for a transistor in an LNA.
serve linearity. This observation is an important input for the |n Taple | the scaling trends of the most important param-

scaling methodology presented in the next section. eters are shown. The main assumption in our methodology is
] that the drain current per unit width must be increased with the
E. Low Frequency Noise scaling factor\. For a fixed total drain current, this implies that

Trends in the input referred spectral noise denSity... are the width has to be scaled down witliA. The supply voltage
shown in Fig. 11 for low gate bia@/;; = 100 mV). Experi- scales withl /A according to the ITRS roadmap, i.e., from 2.5V
mental data from three CMOS technologies are included. T{#50 nm) down to 0.6 V (50 nm). Hence the power consumption
two noise parameters obtained from the experimentéinoise scales with the same factdf A . The resulting trends in the RF
data (Fig. 5) were used to predict the trends with scaling. TROM parameters are listed in Table Il for an arbitrary total drain
model data agree well with those obtained from the industrialirrent of 5 mA. The major RF parametefisandNF .,;,, im-
CMOS technologies. For low gate drivé’a dependence is pre- prove significantly with scaling. The 50 noise figure also im-
dicted. This implies that when the device area is scaled in pq@roves, a value of 1.1 dB is obtained for the 50-nm technology.
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TABLE I
SCALING TRENDS INRF FOMFOR A TOTAL CURRENT OF5 mA

(10]

11
Technology | Vaa W fi Sv§me NFmia | NFso | gmsg | Virs -
V) | (um) | (GHz) |(V/Hz) |(dB) @B) |(@B) |(W)

(@1Hz) [12]
250 nm 25 330 |19 4010 056 1.55 (168 [1.67
130 nm 1.5 150 150 23107 1030 127 1202 [1.24

100 nm 12 115 171 2410 [0.21 1.19 {215 [1.08 (3]
70 nm 0.8 90 112 128107 [0.13 110 [228 ]0.92
50 nm 0.6 65 175 {2.810™ [0.10 1.09 [245 10381

[14]
. o o [15]
This is very encouraging, it implies that low-noise figures can
be obtained in RF circuits. The/ f noise input referred spec-

tral density remains constant with this scaling methodology. Fi-
nally, Vips degrades slightly for the proposed scaling method-
ology, nevertheless the decrease is acceptable. From this pats
ticular scaling methodology it appears that the RF performal
will improve significantly with scaling also at bias conditiong
relevant for RF applications. Of course other scaling metho
ologies are possible, for instance when linearity constraints ¢
relaxed significantly better noise performance can be obtaing

VIl. SUMMARY
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from mainline CMOS technologies with feature size down to
50 nm. The RF performance increases strongly with scaling
both at high and low drain current (moderate inversion) per unit
width. A maximum cutoff frequency above 200 GHz is pre-
dicted for the 50-nm NMOS device. The impact of technolog
scaling on linearity is significant. To maintain a high linearity
the drain current per unit width has to increase for each tec
nology generation. A scaling methodology has been proposec
minimize the linearity degradation while maintaining low powe
consumption. For this scaling methodology the RF performan
metrics improve strongly with down scaling. The results cor
firm the high potential of CMOS for RF applications at giga-
hertz frequencies.
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