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Abstract - T h e high-frequency nonlinear distnrtion of a small-signal CMOS common-source amplifier
stage is analyzed as a function of bias and termination
impedance at 5 GHz. The results developed can he applied to wireless RF circuit design applications.

I. INTRODUCTION
Portable, wireless, personal-communication devices
continue to gain in popularity, and CMOS technology is hecoming increasingly popular for the realization of key radio
frequency components [l-31. Although the intrinsic speed
of scaled MOS devices is impressive, the use of CMOS devices for high-frequency applications has been limited by
the digital orientation of the design and modelling environment. In particular, the optimum scaling, biasing, and
tuning of lhe devices for the realization of the best highfrequency performance in a wireless environment remains a
challenge [4].
Historically, there has been little work done on predicting optimum source and load impedances for maximizing
linearity performance in MOSFET RF circuits. The purpose of this work is to develop some straightforward guidelines for optimizing the linearity of the monolithic commonsource MOS amplifier in Fig. 1 for RF LNA, variable
gain amplifier (VGA). and mixer applications in a wireless
transceiver, under the constraint of minimizing dc power
dissipation, by optimizing both the source and load termination impedances for optimum linearity.

Fig. 1: Simplified small-signal MOSFET model equivalent
circuit showing sources of nonlinear distortion.
and ugSis the small-signal input voltage. Similarly. the output conductance can he characterized by the current through
the channel [7] and
iT0

Intermodulation distortion is the key limitation on the
dynamic range performance, and our goal is to predict
the noniinear behavior, particularly third-order interrnodulation, as a function of device design, biasing, and impedance
termination L5.61.
A small-signal nonlinear model of the MOS transistor, is
shown in Fig. 1. In the saturation region, the major sources
the gateof nonlinearity are the transconductance (g,)
source capacitance (C,) , the channel resistana: (ro)
and drain-substrate capacitance (Cds) [7]. The gate-drain
capacitance ( C g d ) can be considered to he a linear element.
The transistor transconductance can be characterized by a
nonlinearity of the following general form 151
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and the input capacitor current C M be modelled by
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These coefficients can he measured, or derived from
equivalent circuit model parameters.
Now, using the Volterra formalism for the output voltage
in terms of the input voitage at the gate yields
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and. using the Volterra series for the gate voltage in terms
of the source current yields

I

where ,i

(2)

where the vg, dependence on gn is very small and does
not have to he considered (71. The output capacitor current
can be modelled by

11. NONLINEAR
MOSFET TRANSFER
FUNCTION
A. Open Loop Analysis
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Now, the total transfer function K without including the
feedback effect due to c g d is the product of the two transfer
functions H and G. So

or more compactly

7K circuit

uds = K1 o i , + KZo i: + K3 o i: + . . .
(8)
Next, the extensive definition of supporting terms is presented, from which are constructed the KI, K z . and K3 :
From the above definitions, KI, Kz, and K3 Volterra
kernels are constructed to predict two-tone intermodulation
performance as shown next.

Fig. 2: Shunt-Shunt Feedback Model for Linearity

Fig. 3: Closed-Loop Block Diagram for Linearity Feedback
System
where

B. The Effect of Shunr Feedback on Lineariry
Next, the effect of C,d on linearity will he developed via
a modified small-signal model. We begin by examining Fig.
2 where the small-signal model has been restluctured into
a shunt-shunt feedback model. The linear feedback comes
from C,, and its contribution to the current in the input and
output loop circuits has been distributed from the structure
of Fig. 1 [8].
The next step is to associate the feedback model in Fig. 2
with the closed-loop block diagram system in Fig. 3 where
components can be grouped and divided into linear and nonlinear contributions to the amplifier output. Then the nonlinear analysis of Sec. 1I.A can be modified to include the
effect of linear feedback on the form of the final transfer
functions.
The feedback terms of the circuit. 8, can be identified
from Fig. 3
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Next the gain reduction factors are found; i.e.,

.
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With these definitions, the overall Volterra kernels can
be expressed including linear feedback (81.
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+

+

Q2 0 2 :

Q 3 o Z*
-3

+ ...

(21)

where

Fig. 4: N5Opm x 0.35pm C,
VDS=I .5V

Coefficients vs. VGS at

(24)

Fig. 5 : N5Opm x 0.3Spm gm Coefficients vs. VGS at
VDS=I.SV
K1(2jw1) =-
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111. EXPERIMENTAL
RESULTS

H*E

Some expansion and substitution of terms will be required to create the final form of the Volterra Kemels with
linear feedback. The following derivation relies on the results of Sec. 1I.A using the different forms of K , , where
n = 1 , 2 , 3 191.
The ratio of third order intermodulation distortion to the
desired signal, lMD3 , is given by [SI

The theory described above was verified with 0 . 3 5 ~ ~ 1
gate length NMOS devices at 5 GHz. Coefficients were derived for each of the nonlinear elements described in Sec.
II by polynomial expansion and fitting about a large-signal
operating point in MatLab based on measured IV curves under specific bias conditions. Thus, the power series expansion given in 1, for instance. contains both the large-signal
value of transconductance. ag. and the small-signal value of
transconductance, al. along with higher orders, a,. This
provides for prediction of the transconductance in the presence of both large-signal and small-signal excitation. Similar expansions were made for the other nonlinear elements
shown in Fig. 1.
Figs. 4 and 5 show the relative sensitivity for each set
of coefficients, C, and gm. modelling each of these two
nonlinear elements given in (4) and (1) as a function of Vcs.
In both cases, the large-signal values in saturation vary little
relative lo the first and second order small-signal values as a
function of VCS.The third order, small-signal values, such

The third order input intermodulation intercept point,

l I l P 3 ,can becomputed from the following:
IMD3

IIlP, = f PA
2
where PA IS the input pouer at the l M D j 1101
Usmg (28) and specmc matching condillom. Iineanty
estimates from theory can be made 10 compxe to measured
results as a function of bias
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VDS=lSV at 21” C . These result can be used to predict
the linearity of a common-source amplifier at any bias and
terminating impedance.
As a final note, for which further explanation and data
will be delivered in future research reports. is the interaction
in the theoretical prediction of intermodulation between the
nonlinear modelling terms and the matching and harmonics
of matching terms as the dominant effect in determining the
quality of the intermodulation prediction. In other words,
matching in RF circuit is highly significant for intermodulation characterization and performance.

Table 1: N50um x 0.35um Theoretically Predicted vs.
Measured IIIP3 d B m at VDS=lSV
1 Term. II
I
I
I
1
Imped. VgsBias Mea. Pred. Diff.
I Trli I1 1.1 V I 11.1 I 13.95 I 2.87 I
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IV. CONCLUSIONS
A Volterra series analysis of a MOSFET commonsource amplifier has been done, which allows us to predict the linearity as a function of bias and terminating
impedance. Experimental results verify the utility of the
technique.

Table 2: N50pm x 0.35pm Load Terminating Impedances
for Measured IIIP3

I Term. II

I

I

I

I

I
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