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Abstract—As the gate lengths of silicon MOSFET's become A model modification to improve the RF performance of
smaller and smaller, these devices are usable to frequencies ingny existing dc model is presented. Based $yparameter

the gigahertz range. The nonlinear MOSFET model presented in - e a5yrements, this model significantly improves the prediction
this paper is based onS-parameter measurements over a large - T
of the high-frequency circuit performance.

bias range, and has been implemented in a SPICE simulator. It . .
The improvements consist of new equations for the nonlinear ~ The model modification presented in this paper proposes
capacitances and output conductance of the MOS transistor. This new equations for the nonlinear capacitances and the high-
new large-signal model shows very good agreement between meafrequency output conductance of MOS transistors. To simplify
sured and simulatedS-parameters of single transistors at various the implementation, the dc drain current equation of the

bias points up to 10 GHz. Intermodulation (IM) and circuit .
performance are also well predicted. SimulatedS-parameters of Enz-Krummenacher-Vittoz (EKV) [4], [5] model was used

a simple amplifier showed excellent agreement with measured While the accuracy for RF simulations was achieved by adding

results, confirming the performance of this model. new capacitance equations within the model program code.
Index Terms—CMOS FR, high frequency, microwave model- The comblnathn of the dc and RF parts of the model predicts
ing, modeling, MOSFET, silicon, SPICE. the nonlinear high-frequency performance up to 10 GHz over

all operating bias points.

I. INTRODUCTION

ILICON-DEVICE technology has become an attractive Il. MODELING PROCESS

ow-cost solution for many high-frequency personal com- In order to verify the proposed model improvements, test

munication products [1]. These analog applications requit@nsistors on a CMOS process from Toshiba having a minimal
good high-frequency models in the design phase in ordergate length of 0.3&m and a total gatewidth of 10@m with 20
predict the RF circuit performance with accuracy. Thougfingers were used. Small-signal on-wafgiparameters have
many MOS models exist, the most widely used models of thgen measured for a transistor test structure at various bias
MOS transistor are not particularly suited for high frequencig®ints. These bias points ranged from 0.5 to 2.5 V for the
[2]. gate—source voltage and 0.0 to 1.5 V for the drain—source

The number of parameters required to fit such a modelvsltage. The deembedding of the extrinsic structures (pads)
rather large; BSIM1 [3] for example, requires more than 7ig described in [6]. The small-signal intrinsic elements were
parameters for a complete model. Significant extraction exp#etermined by direct extraction from this deembedded data,
rience or an automated extraction program such as ICCA® in [7]. The small-signal equivalent circuit used is shown
is required to obtain model parameters in a reasonable titeFig. 1 [8].
frame. The output conductance is modeled in two parts 191Rys

The ultimate goal in modeling is a versatile model with fevand thel/Zy.ou.. Thel/Rq, models the low-frequency output
parameters (less than 20) and good accuracy in all regionscefiductance while the high-frequency output impedance is
operation. Much work has been done in the investigation of td@minated byCy.;, Cys2 and Rq.1, which combine to form
dc performance of MOS models in all regions of operation [4¥dsout (Fig. 1).
[5].2 However, RF performance has not yet been investigatedThe total error (1) for all measured bias points between the
in such detail. measured and the extractédparameters of the new model

is shown in Fig. 2. The error is calculated at each bias point
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Fig. 1. Small-signal equivalent circuit used for the extraction of the linear intrinsic elements.
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Fig. 2. Total error from (1) between the measured and extracted and g4, f(Ves, Vo)

parameters. \ /

Once the equivalent circuit element values of the lined

model are known for all bias points, the next challenge ¥ .
: : . . Non-linear RF

to find equations that fit the extracted capacitances over ll
bias points. This modeling process is shown in Fig. 3 [11]. SPICE Model
The linear parameter extraction yields small-signal equivaleht¥orlinear model
circuit models for each bias point. This data, especially the
capacitances, is the input to the nonlinear modeling procéddg 3. Flowchart of the modeling process used to obtain nonlinear RF
along with the dc-current equations of the nonlinear SPICE'CE model.
model. The combination of these elements yields a model for

=

the nonlinear RF performance of a transistor. The equation used faf’; is of the following form:
ll. | MPROVEMENT FOR THENONLINEAR MOS MODEL Cgs = Cyso + Cga1 - {As + B, - tanh -[C; - (Vs — vp)]}
The model modification consists of new equations for ADs + B, - [1 + tanh (Vi — Vi)

the nonlinear capacitances and the high-frequency output tanh (F, - Vas — G5 - Vi) } 2)

conductance of a MOS transistor. The equations presented

are dependent on both the gate—source and the drain—-sowhere Cy,, is a bias independent capacitanag, is the
voltages. A hyperbolic tangent function was chosen to satigfyreshold voltage, an€ly; is a scaling factord,, B, Cs, Ds,

the shape of the capacitance and resistance curves as a fundiignf;, and G, are all fit parameters to match this equation
of the bias voltages. Fig. 4 shows the extracted capacitanteshe measured data.

Cgs as afunction ol andVy,. Since the measured transistors The parametersd,, B,, and C; fit the major curvature
had the bulk connected to the source, the effects of a bulks a function of gate—source voltage, whilg, E,, F,, and
source voltage other than zero are not considered. G, fit the drain—source dependence. The fit parameters were
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Fig. 4. Extracted gate—source capacitance as a functidf,.obnd Vv for

. ! ( Fig. 5. Normalized difference function from (4) for the gate—source capac-
a transistor of 10Q:m gatewidth (20 fingers) and 0.36% gate length.

itance as a function of bias.

TABLE |
PARAMETER VALUES FOR Cgs (2) AND Cgq (3)
EQUATIONS AS A FUNCTION OF Vs AND Vg

— [%]
Parameter  |Cy, Cua 5
Cosigan 47.1 {F 47.0 fF
Cosizan 32.69fF  [32.69 fF T
Agq 1.297 1.247 -&
By _ L0 0.896 -
Csa 1.470 1525 5 0
Dy 0.649 10.630 E
E, 0.122 - =
F, 0.765 B e
G, 030 -
Vi ‘().643 0.646 -5

optimized by minimizing the mean square error. The values

of the fitted parameters fa¥'y; for (2) are shown in Table I.
The same fitting procedure is repeated for the gate_drﬂg. 6. Normaliz_ed diﬁe_rence function from (4) for the gate—drain capaci-

capacitance. The equation used 8, is of the following fance as a function of bias.

form:

ves 00

vds

Cyd = Cado + Car Usintg 4), a dif;fere;ce flunlctitorgng;or the_ gate—dc_ifrfain
' ' P oy capacitance can also be calculated. The maximum difference
{Aa+ Ba-tanh [Ca - (=Vas + Da - Veo) = will (00 e measured bias range is also less than 5%, as shown
in Fig. 6.

. . ince the values <2, Cas1, and Ry vary only slightl
whereCyq0 and C,q; are a bias independent capacitance and> @ values dfiasz, Clas1, andligs, vary only slightly

a scaling factor. respectively. whilds. B (. and D, are with bias, these elements have all been left constant as a
g  Tesp Y, dr Pdy ~ds d function of bias voltage.

gtrepﬁ;?gegﬁrﬁ_aﬂgtl is the threshold voltage. These values Once the equations f@ys, Cgq, aNdZysou are determined,
To compare the rﬁodel with the extracted data at each bthe implernentation in a SPICE-type sjmulatqr (in our case,
. : ) i pice), is the next step. The interesting region of operation
point, a difference function was calculated and normalized, high frequencies is the saturation region. Thus, this region

fslzwr?:;ligr:nh;i).b-(la-zne)ri?dﬁ;ssliégeberrloorollsicr)(l:liz/w\/t’sthe d|fferen1;]%s first priority when considering the accuracy of the model.
P y ' For high-frequency models, the most sensitive parameters are
measCyg gy — SIMCyq(ga) the capacitances angl, [10]. To simplify the implementation,
€as(ad) = 100 measC. : (4)  the dc-current equation of the EKV model was used angkts
& gs(gd) .. .
and g4, optimized to match the measured dc data, especially
The normalized difference function,,, for the gate—source in the saturation region. Simultaneously, the dc drain current
capacitance from (4) over the complete bias range is showrthis region must also be considered. The nonlinear behavior
in Fig. 5. The maximum difference between simulated araf the MOS transistor current in all regions of operation is
extracted values is less than 5%. described by 13 EKV parameters [5].
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Fig. 7. Schematic of the new model wigh,,, Rqs, Cgs, Cga, andCygs all
implemented inC'-code, and the series resistandeg, Rs, R4, Rqs1, and

Cas1 are implemented in a subcircuit Fig. 8. Measured (dashed) and modeled (solil}parameters of a

100:m-wide gate with 20 fingers at a bias pointafs = 1.5, Vgs = 1.5,
. . . I, = 8.3 mA, and frequency range of 50 MHz to 10 GHz. Note the different
The proposed equations for the nonlinear capacitances W&fge fors,, and Ss;.

implemented within the model’-code® Our experience has

shown that the implementation ifi-code increases the accu-

racy and simulation speed while reducing convergence prob-
lems caused by subcircuit implementation [11]. Since the new
model assumes the bulk—source voltage to be zero, only two 6.25
capacitances are visible at the gatg(and Cgq). Thus, the § 50
capacitance part of the new MOSFET model differs onlyg
slightly from the Statz GaAs FET model in SPICE. The § 373
implementation of gate—source and gate—drain capacitance@ 2.0
well explained in [12] for this model. The new capacitances® 1.25
are similarly implemented as those of the Statz model, and are
charge conserving. The new SPICE model (see Fig. 7) consists

of two new equations for the internal capacitancgg and

Cgq, in addition to the EKV current equations and a constant
Cys2. The nonlinear current source of the EKV transistor ves 05 0
model provides the,,, gqs for the dc-current characteristics.

Rys; andCy.; and the series resistancR§, R,, andR,; were Fig.9. Total error from (1) between the measured and simulated
added in a subcircuit S-parameters of the new model. The,, Rqs, and I; are derived from
S o . . . the dc-current equation.
By combining and implementing new capacitance equations
and EKV dc equations, a new model has been developed for

RF simulations of MOSFET's.

vds

reduced with a more careful determination of the dc-current
model parameters.

IV. RESULTS A total error function between the-parameters of the
_ model and the measurements was defined in (1). The error
A. Bias-Dependent-Parameters function is similar to the square error function except that

The simulations of the implemented high-frequencthe individual errors have been normalized to weight each
MOSFET model have shown very good agreement with tigé the S-parameters equally. All measured bias points were
measurements over a wide range of bias points. The modihulated. The error is calculated at each bias point and given
is valid up to 10 GHz, as can be seen by comparing tlie percent. The total error (1) for all measured bias points
simulation and the measurements of &Hlparameters at a between the measured and the simulateparameters of the
typical bias point (Fig. 8). The transistor with a gatewidth afiew model is shown in Fig. 9.

100 m (20 fingers) and a gate length of 0.3 was biased  When the extracted model is transformed into a large-signal
at aVy = Vyge = 1.5V and Iy = 8.3 mA. model and implemented in PSpice, a few approximations were
Since the output conductance is determined by the derivativeade. Both they,, and ry, are not derived from the high-
of the dc drain current, a fairly large difference is seen in tifeequency extractions. These elements are calculated from the
output reflection §22 in Fig. 8). Such differences could bederivatives of the dc drain current. Thus, the total error is
3pSpice Manual Tutorial, Applicat. Notes, and Design Idststosim  Slightly larger than the extraction error (see Fig. 2) due to the
Corporation, Irvine, CA, 1995, approximations. At supply voltages of 2.7 VV and for operation



608 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 5, MAY 1998

30 T ' vdd
1 P Rypecp=
-10 " 1d/ 150Qs =+ 150Qg Cpad
1 measure: 3 3 3
E -30 — / Ollt
% T % fundamental y— |P3=15.7dB
T 07 v £ Ry,=6.0kQ
no:: 70 ] C-code mo@:l// third order intermodulation, products EE R, ,=2.25k<b
4 O
-90 / Out1_high J,—)_:Ii
! o W=40 p ¥ | M2
-130 -r/ : . ; ' "
-40 -30 -20 -10 0 10 20
Pin (dBm)

Fig. 10. Measured (squares) and simulated'icode (solid lines) two-tone

IM products at frequencies of 1.8, 1.805 GHz, and a bias point of
Ves = 1.6V, Vgs = 2.0 V, and I; = 10.68 mA. Fig. 11. Circuit schematic of the broad-band amplifier with measured resistor

values.

in the saturation region, the gate and drain voltages of a single 5°
transistor are usually below 1.5 V where the total error is less S21
than 1%. [dB]
5.0 ‘\\\\\
B. Intermodulation Prediction \ \\

To test the nonlinear performance of the new model, the \1\ P~ NXMOS model {BSIM1)
two-tone intermodulation (IM) products of a transistor were 0 \ New model \’\.\A
measured and simulated. The input frequencies were chosen ™ — ———
to be in the frequency range of interest for CMOS telecommu- =2
nication applications (1.8 GHz). The third-order IM products -250 ﬂ\\.&
of a transistor with a total gatewidth of 1Qfim split into 20 / N \“\"\"w s
fingers and a gate length of 0.36n were measured at a bias measurenjent - .
point of Vs = 1.6 V, Vs = 2.5V, and I; = 10.68 mA. 050 10 0 30

2.
As shown in Fig. 10, the simulations (solid lines) correspond Freq. [GHz]
well to the measured (dotted lines W'Fh Squ'ares)' thirclj—or_der. IMy. 12. Measured (dotted line) and simulatéd; in decibels of the
products. The two curves are practically identical, indicatingoad-band amplifier using the measured resistance values.
an excellent agreement between model and measurement.

o ] ] Thus, the frequency performance of the amplifier at the high-

C. Circuit-Level Simulations impedance node is not degraded by the bonding pad. Yet, the

To further test the new model, a simple amplifier [13] hagerformance of the amplifier can still be calculated for the
been designed and measured. A circuit schematic of the dmgher internal impedances from the measured output voltage
plifier is shown in Fig. 11. Due to the feedback transistor, tteg Outl using the well-known equations for a capacitively
input impedance of this amplifier is low. The input impedandeaded resistive divider.
at low frequencies is determined by the transconductance ofThe resistors are made of high-resistivitygiffused material
transistord 2 and the gain of the loop including transisfefl. such that the small resistors track with the larger resistors.

The input impedance and voltage gain for the amplifiddowever, to obtain large values for the load resistors, the
at low frequencies have been calculated with a very simphledth of the diffusion resistors was rather small, causing these
small-signal model consisting @, and g, [14]. The input values to be sensitive to process variations. Resistors measured

admittance at dc is given in (5) on the process control monitor have measured @5l
1 measurements and simulations have been performed with
Yin = 7t omaz: (1 +gmm1 - (Ro1+ Rpeep)]. (B)  measured resistor values shown in Fig. 11.
g

The simulated dc-bias points were very close to the mea-
The voltage gain from the input to Outiigh at low frequen- sured dc-bias points, as shown in Table 1. The supply voltage
cies can be calculated using (6) V,q in the dc simulation was set to the measured value.
_ The measured and simulat&g; parameter of the amplifier

Av = gmasz-(Brat-Rpeep) [9man - (Bia + Fpeep)] (6) is shown in Fig. 12. The new model shows good agFr)eement
In order to facilitate measurements in a Q0environment, with the measured data. As a comparison, the same circuit
peep resistors were placed between the various load resistas been simulated with a standard BSIM1 [3] model (NMOS
and the supply voltagd/;;. These resistors are 1590 and model). This simulation predicts almost 10 dB more gain at
are directly accessible via bonding pads for measuremeritSGHz than actually measured.
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TABLE I 5.0
MEASURED AND SIMULATED BIAS VOLTAGES OF THE AMPLIFIER
S22
i b
Simulated Measured [dB] =

Input  (0.8126V  [0.7945V ~
Outl [4.0348V  4.0346V \:?\
Ne

Va 40514V 40514V e
L mod_..
-
0.0 \
New paodel 8.0 TP
A K
S11 / ~—_] \\\\
Dhnea SO \
[dB] / ) i i s | \\ 2% \\
5 0 / ,'.' \ \‘“—‘—‘ P 259 - / “
- / 7 mgasuremen T measurement |4,
[f -10.0 :
[/ 0.0 2.0 3.0
I.‘ Freq. [GHz]
-10.0 !," Fig. 14. Measured (dotted line) and simulatéd> in decibels of the
. broad-band amplifier usin®peep = 150 €.
a supply voltage of 2.7 V, and for operation in the saturation
150 L L L 2 region, the gate and drain bias voltages of a single transistor are

Freq. [GHz] usually below 1.5 V. The difference in this region of operation
between measured and simulat§ebarameters of the new
Fig. 13. Measured (dotted Ii_n‘e) and simulated input reflecign in deci- model is less than 1%. As was shown with the third-order IM
bels of the broad-band amplifier. . . . L .
simulations, the nonlinear behavior is also well predicted. By
implementing the new MOSFET model i6i-program code,

The measurements were performed at Outl (Fig. 1djnylation accuracy has been increased while convergence
and may be calculated back to the high-impedance outpithblems have been eliminated. The simulation speed is con-
Outl_high. To determine the high-impedance voltage ga)derably improved over the previously used subcircuit model
24 dB can be added to the results in Fig. 12. Thus, thig1] sych that simulations of large circuit are now possible.
amplifier has approximately 19 dB of voltage gain and As presented in this paper, these modifications significantly
—3-dB bandwidth of approximately 200 MHz. improve prediction of the high-frequency performance of a

The measured and simulated input reflectiSn of the  simple amplifier over a standard BSIM1 NMOS model. Thus,
amplifier is shown in Fig. 13. The measurement is approXir versatile model with less than 20 model parameters, good
mately 2 dB lower than the simulations with the new modeherformance in all regions of operation [4], [5], and good RF
As was verified by a qualitative test, this difference may Bgarformance is presented.
attributed to the bulk-source effect of transisfdr2, which is
not included in our model. ACKNOWLEDGMENT

It is shown in Fig. 14 that the measured and simulated ) ) .
output reflectionSs, using the new model match very well 1he authors would like to thank Toshiba Corporation,
at frequencies up to 2 GHz. At frequencies above 2.2 Gkégwasakl, Japan, for their technical support of this research.
the measureds; deviates from the predictesh, values due
to a resonance of the measurement setup.

As the results have shown, the new model predicted thg] N. Camilleriet al.,“Silicon MOSFET'’s, the microwave device technol-
S-parameters of this amplifier with good accuracy. ogy for the 90's,” inlEEE MTT-S Int. Microwave Symp. Digrol. 2,

. . Atlanta, GA, June 1993, pp. 545-548.

Only the input return los$1; showed a difference that can 2] p. vandeloo and W. Sansen, “Modeling of the MOS transistor for high
be attributed to the bulk effect not included in the model. frequency analog designlEEE Trans. Computer-Aided Desigml. 8,
The model is SUﬁiCiently accurate \_Nhen _ConSidering commo EPJ7§E21213|\3I[(JDWS %?a?]gs.istor modeling and characterization for circuit
source stages; however, when simulating common gate Of simulation,” Electron. Res. Lab., Univ. California, Berkeley, Rep. ERL-

source follower stages, an additional bulk node must be added. M85/85, 1985. ) ) o )
[4] C.C. Enzetal.,“An analytical MOS transistor model valid in all regions
of operation and dedicated to low-voltage and low-current applications,”
V. CONCLUSIONS Special Issue Analog Integrated Circuits Syst. Processing J. Low-Voltage
. . Low-Power Circuits,July 1995.
A nonlinear high-frequency MOSFET model has been defs) M. Bucheret al., “An efficient parameter extraction methodology for
veloped for frequencies up to 10 GHz. The model is based the EKV MOST model,” inProc. IEEE Int. Conf. Microelectronic Test

; ; : Structuresyvol. 9, Trento, Italy, Mar. 1996, pp. 145-150.
on S-parameter measurements at various bias points. T H. Cho and D. E. Burk, “A three step method for the de-embedding

microwave frequency performance of the model has been of high frequencyS-parameter measurement$EEE Trans. Electron
investigated concerning the bias dependence, IM performance, Devices.vol. 38, pp. 1371-1375, June 1991. "

d ci it si |ati Th . lati d 7] D. Lovelaceet al., “Extracting small signal model parameters of silicon
and circuit simulation. € simulations and measuremen MOSFET transistors,” inEEE MTT-S Int. Microwave Symp. DigSan

show good agreement over a wide range of bias voltages. At Diego, CA, June 1994, vol. 2, pp. 865-868.
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