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Linearity Analysis of CMOS for RF Application

Sanghoon Kang, Byounggi Choi, and Bumman KBenior Member, IEEE

Abstract—The linearity of CMOS has been analyzed using the Il. TRANSCONDUCTANCE AND
Taylor series. Transconductance and output conductance are two OUTPUT-CONDUCTANCE NONLINEARITIES
dominant nonlinear sources of CMOS. At a low frequency, the
transconductance is a dominant nonlinear source for a low load ~ The BSIM3 model is widely used in circuit simulation tools,

impedance, but for a usual operation level impedance the output but it requires a large data set for accurate modeling and is not
conductance is a dominant nonlinear source. Capacitances and the g jitable for a simple analysis. However, the model contains all

substrate network do not generate any significant nonlinearity, but . . . . .
they suppress output-conductance nonlinearity at a high frequency the information for nonlinear behavior. Taylor series are usually

because outputimpedance is reduced by the capacitive shunts, andused for weakly nonlinear circuit analysis because it is simple.
output voltage swing is also reduced. Therefore, above 2—-3 GHz, However, it cannot be applicable to highly nonlinear applica-
the transconductance becomes a dominant nonlinear source for a tions such as power amplifiers. In this paper, Taylor-series anal-
usual load impedance. If these capacitive elements are tuned out for ysis is employed and the expansion coefficients are extracted

a power match, the behavior becomes similar to the low-frequency . . .
case. As gate length is reduced, the transconductance becomegom the BSIM3 model. The drain current in Taylor expansions

more linear, but the output conductance becomes more nonlinear. ¢@n be expressed as follows:
At a low frequency, CMOS linearity is degraded as the gate length
becomes shorter, but at a higher frequency (above 2-3 GHz), tas(vas, vps) =Ips(Vas, Vbs) + Gmvgs + Gavas

linearity can be improved.
Y P . 5 + GmQ’U;S + Gmdvgsvds + G(i2v35
Index Terms—CMQOS, linearity. 3 9
+ Gm3vgs + Gm2dVgsVas

+ GdeUgsU?js + GdS'Uis + - (1)
|. INTRODUCTION
HERE IS A strong interest in using CMOS technology Assuming that the drain is shorted at a signal frequency, all
for RF and microwave circuits. To support the growin@utput-conductance termé&§, Gaz, Gas, . ..) and cross mod-
needs of RF circuits, the various characteristics of CMOS hation terms G4, Gin24, Gmaz, - - .) are vanished and only
been evaluated using various device models. However, tHggnsconductance termé&',, Gz, Gms, - ..) remain. In this
are usually small-signal behaviors, such as small-signal ga®@se, the third-order intercept point (IP3) of gate voltage ampli-
noise figure, etc. More recently, the large signal characteristi¢isle given as follows in (2) has been used as a device linearity
of CMOS, such as power gain, power generation, efficiencfiterion in many previous reports [1]:
and mixer operation have been intensively studied. However,
linearity is always one of the most important issues for RF IP3 = /4 Gm . )
circuit design. 3Gm3

Some research considers only the transconductance in CMO§his model is not accurate enough, however, because it does
linearity analysis, while other effects are neglected [1]. For a ' '

short gate CMOS, however, the output conductance becorrqé)t consider output-coqductgncg nonlinearity. To compare
put-conductance nonlinearity with transconductance nonlin-

an important nonlinear source and must be included in cMOsH :
. , earity, the output nonlinear currents from the two components
analysis. Capacitances and substrate effects are also far from . .
7 X are calculated. For typical CMOS processes, the higher order
negligible at high frequency.

We have studied the nonlinear characteristics of CMC)tgrms and cross-modulation terms in (1) are very small and

. i . _ n be ignored to simplify the calculation. In this approxima-
using Taylor-series analysis and a BSIM3-based model [2]. \R/gn, the third-order intermodulation currents caused by the

have analyzed the output-conductance nonlinearity of CM : § : .
o . ansconductance and output-conductance nonlinearities, at a
and have compared it with the transconductance nonllneaq (yv frequency, are given by

The linearity trend with a down-scaled device is also describe
in Section Il. The capacitance contribution for linearity and . 3 5 Gload
substrate network behavior are also analyzed, and their effects !IM3trans :ZGmS Ga+ Grona ®3)
are discussed in Section III. 3 . Ghoad o
iﬂ\ﬂ’)cond :_Gd3vds (4)
4 Gq

+ Gload
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Fig. 1. TSMC 0.25:m NMOS transconductance.
Fig. 3. NMOS model for linearity analysis.
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Fig. 2. TSMC 0.25:m NMOS output conductance.
Fig. 4. Output IM3 currents versus load resistance.

The TSMC Company Ltd., Taiwan, R.O.C., 0.2Bnx
10 umx 10 NMOS BSIM3v3 model is used for this study [4].
All Taylor-series parameters are extracted from théwlcurve
of the model. The extracted parameters are shown in Figs. 1 and
2. Fig. 1 shows4,,,, G2, andG,,,3 versusV,, for a constant
Vas (= 1.5 V). We selected the gate bidgs = 0.8 V for
comparison because this point is where the transconductance
nonlinearity is large with sufficient gain. Fig. 2 showsy,
Gg2, andGgys at the selected gate bias voltagg, = 1.5V ) ;
is selected as a bias point because this is usual bias voltage b ‘R

 in X ERgain

for 0.25 um NMOS considering load resistance voltage drop b o pros m ok
and the output-conductance nonlinearity of the MOS is near Rioad (Ohm)
minimum.

Using these parameters and (3)—(5), we calculate the outpigt 5. Gain and OIP3 versus load resistance.
third-order intermodulation current of the circuit given in Fig. 3
for various loads and compare them with the results of harigh load resistance, however, the output conductance is the
monic-balance simulation. Two-tone source voltage of 2 mifominant nonlinear source. The decreases of IM3 at a high
(= —50 dBm in 5092) is injected to ensure a weakly nonlineafoad resistance are shunting effect®f andG..q. The output
operation. The result is shown in Fig. 4, where the intermodultrird-order intercept point (OIP3) and power gain for a 3D0-
tion currents are shown in20log scale. Only withG,,, G,.3, source resistance are calculated. The results are depicted in
G4, andG 3 coefficients, the calculation result matches the sinkrig. 5. The maximum OIP3 is obtained at a load resistance
ulation result very well. When we includg,,q and other higher lower than the value for the maximum gai (2¢ain). The best
order components, the calculations predict the simulated reslitgarity is achieved at the load resistance where the output-con-
even better. However, their effects are small and can be miictance nonlinearity increases to a level comparable to the
glected in the saturation region of the MOSFET. However in theansconductance nonlinearity (R, ). Up to Ry, the funda-
linear region, the cross-modulation terms are large and shouniéntal and intermodulation currents {\13) remain the same
be included to achieve an accurate analysis. and their powers increase at the same rate, proportional to the

The nonlinear currents are dependent on load impedanioad resistance and OIP3 increases. The fundamental current
When drain voltage swing is small at a low load resistancstays constant up t8,.i,, but the intermodulation current from
the transconductance is the dominant nonlinear source. Athe output-conductance nonlinearity: ( i1n3cond) iNCreases

—=— Gain
~ e OIP3
o,
aen ¥R

Gain (dB), OIP3(dBm)
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Fig. 6. Linearity of various gate-length MOS (TSMC process). Fig. 7. Linearity of various gate-length MOS (Hynix process).

rapidly in this region, and OIP3 decreases. Ab&gin, i3

and power gain both decrease. In many RF applications, the
load impedance is generally matched to the device output
impedance for a maximum power transfer. If we desire a highly s
linear operation, however, the output impedance should be @ 100
reduced from the power-matching impedance. It is desirable =

to select an output load betweéty, and Ry, for good RF
performances.

. . 11P3 by transconductance ‘]
To understand the process-dependent linearity trend, we eval- AN l
uate the maximum OIP3 for TSMC 0.35-, 0.25-, and 0.i8- Yok ok M iM  iooM 16 106
processes. The total gatewidth is 208 with ten fingers. Since Frequency (Hz)

the linearity varies with output load resistance, we calculate the
maximum OIP3s and corresponding load resistances for Vo
ious current levels and drain bias voltages. As the gate length ) ) ] )
shortens, the transconductance becomes more linear, butlgie! N inputimpedance consists of two nonlinear components,
output conductance becomes more nonlinear. As a result, #f€—Source capacitanté,) and feedback component through
maximum OIP3 of CMOS does not change for the gate-leng@ite—drain capacitanc€’(). The effects ofC, and Cya on
variations, as shown in Fig. 6. A shorter gate MOSFET delivef@e input nonlinearities are evaluated numerically for various

a little better linearity at a high current density, but the improv&OUrce resistances. To eliminate g, Miller effect, the drain

ment is negligible and at a lower current density, the same ofSaShorted. We simulated 1IP3 voltage from the gate nonlin-

slightly worsened linearity is achieved. However, the maximuff ity and the results are shown in Fig. 8. The 1IP3 voltage from

OIP3 of a short MOSFET occurs at a lower load impedance, afitf Ces @ndCea nonlinearities are significantly larger than that
transconductance nonlinearity for all source resistances

for usual operation level load impedance, the OIP3 is degracfé‘am

as the gate length is reduced. If the input third-order intercefftd frequencies, i.e., the intermodulation components gener-
point (IIP3) is considered, a shorter gate device is much mdt&d PyCgs andCq are much smaller than that caused from

nonlinear at the same bias current level because of its higf@nsconductance. _ .
gain. To eliminate the”,4 effect, we add a unity gain voltage-con-

To verify the above conclusions from measured data, we eviR!led voltage source, with input port to the gate and output
uate 0.18- and 0.26m NMOS devices from Hynix. We mea- port to the drain, as shown in Fig. 3. The IIP3 voltage is re-
SUrev,, — igs andug, — ig, CUIVES using an Agilent 4155 pa_duced by only _apprqxir_nately 1 dB, indicating that the effect
rameter analyzer, and extra@t,, Gz, G4, andG.; from the of the Cyq nonlinearity is smaller than that @f,,. However,
measured déV data. To obtain smooth data from the measurd€ intermodulation components at the gate are increased for
ments, we use a data-processing program based on MATLABlarge load resistance becausg forms a feedback loop for
Maximum OIP3s are calculated for various current densities alitf harmonics, which are generated at the drain, and disturbs
bias voltages using (3) and (4), and are depicted in Fig. 7. fgevice linearity. When we s_|mulate the |_nput nonlinearity with
shown, the OIP3 of the MOSFET depends only on the currehigd 2€70, the gate voltage intermodulation components are re-
density and bias voltage, but does not depend on the gate lengt#f€d Py approximately 8 dB at minimum. For the other ca-
These trends are identical to the simulation results. pacitance, drain-source capacitancgs] is small and remains
almost constant at the saturation region, and its effect is negli-
gible. In summary, the capacitive elements do not generate any

lll. HIGH-FREQUENCY EFFECTS DUE TO significant harmonics, buf,, influences the harmonics by the
CAPACITIVE COMPONENTS feedback

IIP3 fromCs andC,q nonlinearity for various,ource -

Previous experimental report shows that the inputimpedanceAlso, C,q andCys can reduce the output impedance at a high
of CMOS is a major source of nonlinearity at a high frequendyequency and effectively reduce the output-conductance non-
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linearity due to the reduced voltage swing. The output IM3 cur-
rent modified by these capacitances can be obtained using the

following equations:

Vg == _Gm ‘v
JwCga(l — AL) + jwCas + G4 + Gioad
_ 1
Y T Z (jwCe + jwCpa(1— A,))
-Gy, -I-ijgd

v

" Gload + Ga + jwCas + JwCgq

where A, is the voltage gain from the gate to drain. The inter,;i

modulation currents are given by

* Uin

(6)
()

®)

975

Rbulk3

Rbulk2

Rdse

g.9. MOSFET substrate network model.

%‘ -160
irtstrans] = | 202 N P
rans| — m
4 Gload + Yout g g -180 |- 1\\.\\
(&
LitM3trans =£ &v 9) g 2o eeena, W
rans G Y. g g e & oy .
load T Yout © o B Na
3 220 5 L VERN
|i | _ 3 Gload G 1)3 3 P o '\.
IM3cond| = |75 Gd3 - = «
o 4 Gload + Yout d o -240 | \sss-
G £ K
. load el
L1TM3cond =2 [LG(E,W} (10) 8 -260 | —=— from output conductance %\
Gload + Yout o - from Cdb i
. 1 ) 2 280 . A .
Your =jwCea(l — —) + jwCas + Gq.  (11) STy 100M 16 106

Ay Frequency (Hz)

The drain intermodulation voltage is feedback to the gafe, 10,

Third-order intermodulation current from output conductance and
throughCyq and the feedback effect can be calculated as  ¢,.

MIM3transmod = iIM3trans (12) inwhichCj is the junction capacitance at zero bias. The capac-
l — A3 itance nonlinear current can then be calculated as follows [5]:
. 2IM3cond
? condmod — -5 13 . dvr 1 m; d
s = 2% 0 gt L ()
R
whereg is the feedback factor given by 2 (1 + VJ>
iwC 1 m;(m;+1)d /4
o= e a4) s chien e CAS
Jw(Cgs + Cye R R
J(.d( g-+ g1)+Rs+Rg 6(1—{—7])

The IM3 output current is calculated up to 6 GHz using these (16)

simple equations and is compared with the simulation resuItsUSing this equation and parameters from [4], we calculate

for various load resistances. They agree very well. The calgye output third-order intermodulation current generated from
lated result shows thét,,.3 andG 43 are the dominant nonlinear he drain—substrate junction capaciter (rzeas)- In Fig. 10,

source up to the frequency. At a low frequenGy; is the dom- e compare it with the intermodulation current generated from

inant device nonlinear source for a usual load impedance, bUBﬁEput conductance= imscondmod)- i1v3zeas IS Much less than

a h|gh.frequency (above 4 QHz), the transconductance becoq}%mndmod and can be neglected with a little error up to a mod-

more important for all load impedance. . erate frequency. However, the difference is reduced proportion-
The effects of conductive substrate and drain—source-Suliy 4t a higher frequency and, above 10 GHz, it may be neces-

strate junction diode capacitance on CMOS linearity have beggyy to include the nonlinearity for an accurate analysis. How-

studied using the model proposed in [4] and depicted in Fig. &er, this frequency can be varied according to the pad size and
In the substrate network, the resistances are considered as liRgRktrate doping level.

elements, but the source—substrate and drain—substrate diodgsg), 5 simple calculation, we assume th4j is constant and
are always reverse biased, working as nonlinear capacitors. mn?dify (6)—(13) to include the following substrate admittance:
p-n junction capacitors can be approximated by (15) as follows: 1

}/Tsub =

1
ijSb
1+ jwCsp Rpuik2

o

J m;
VR
1 -
(*%)

(15) + Rbulkl + -
RbulkS + ijdb

17)
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Fig. 11. Third-order intermodulation current for CMOS with all capacitivé=ig. 13. Third-order intermodulation current when output capacitance is tuned
elements. out.

IV. CONCLUSIONS

CMOS linearity has been analyzed and we have found
that G,,3 and G43 are the dominant nonlinear sources for
the frequency band we have studied (up to 6 GHz). Also,
their behaviors are described using simple equations we have
derived. Internal capacitances and substrate network are also
included in the calculation. The capacitive components are not
the sources of nonlinearity, but they reduce the high-frequency
gain and output voltage swing. Therefore, at a high frequency,
the transconductance nonlinearity becomes a dominant source.
However, at a low frequency, or for a tuned matching circuit
Fig. 12. Gain and OIP3 for CMOS including all capacitive elements. where the capacitive shunting effects are removed, the output

conductance is the dominant nonlinear source. The crossover

frequency, between the low- and high-frequency behaviors, for
The calculated results using our model are compared with h§r0_25ﬂm MOSFET is around 2 GHz. As the gate length is
monic-balance simulation results. As shown in Fig. 11, thefggyced, the transconductance becomes more linear, but the
are good agreements between the two results. The load-depgfiput-conductance nonlinearity is enhanced. Further, CMOS
dent nonlinear currents from the transconductance and outgj¥ short gate length is more nonlinear at a low frequency, but
conductance, shown in Fig. 11, include all the capacitive &f the frequency region where the capacitive element shunting
fects and substrate network. The OIP3 and gain curves @ffact becomes important, CMOS becomes more linear as
depicted in Fig. 12. Due to the capacitive shunting effect, thge gate length is reduced. These descriptions for the IMD3

output voltage swing is reduced and the nonlinear current of tB@neration mechanism of CMOS will be a useful guideline for
output conductance is reduced. Therefore, at a high frequengy circuit design.

Rg.in is reduced, buf?;, remains almost constant. When the
substrate network is included, the crossover frequency where
the transconductance nonlinearity of the 028-MOSFET
becomes larger than the output-conductance nonlinearity is ACKNOWLEDGMENT
fl_thh_e_r reduced 1o approximately 2 GHZ’ and OIP3 is also The authors would like to thank Hynix, Ichon, Korea, for sup-
significantly reduced. Therefore, at a high frequency, the o iving the device samples
timum load impedance for best linearity can be higher th N9 pies.
that for power matching.
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