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Abstract -— The high-frequency nonlinear distor-
tion of a small-signal CMOS common-source amplifier
stage is analyzed as a function of bias and termination
impedance at § GHz. The results developed can be ap-
plied to wireless RF circuit design applications.

I. INTRODUCTION

Portable, wireless, personal-communication devices
continue 10 gain in popularity, and CMOS technology is be-
coming increasingly popular for the realization of key radio
frequency components [1-3]. Although the intrinsic speed
of scaled MOS devices is impressive, the use of CMOS de-
vices for high-frequency applications has been limited by
the digital orientation of the design and modelling envi-
ronmeat. In particular, the optimum scaling, biasing, and
tuning of the devices for the realization of the best high-
frequency performance in a wireless environment remains a
challenge [4].

Historically, there has been little work done on predict-
ing optimum source and load impedances for maximizing
linearity performance in MOSFET RF circuits. The pur-
pose of this work is to develop some straightforward guide-
lines for optimizing the linearity of the monelithic common-
source 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 termi-
nation impedances for optimum linearity.

II. NONLINEAR MOSFET TRANSFER FUNCTION
A. Open Loop Analysis

Intermodulation distortion is the key limitation on the
dynamic range perforrnance, and our goal is to predict
the nonlinear behavior, particularly third-order interrnodula-
tion, as a function of device design, biasing, and impedance
termination [5,6].

A small-signal nonlinear model of the MOS transistor, is
shown in Fig. 1. In the saturation region, the major sources
of nonlinearity are the transconductance (g,,) , the gate-
source capacitance (C,,) , the channel resistance (r;)
and drain-substrate capacitance (Cgy,} [7]. The gate-drain
capacitance (C,q) can be considered to be a linear element.
The transistor transconductance can be characterized by a
nonlinearity of the following general form [5]
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Fig. 1: Simplified small-signal MOSFET model equivalent
circuit showing sources of nonlinear distortion.

and v, is the small-signal input voltage. Similarly, the out-
put conductance can be characterized by the current through
the channel [7] and
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where the vy, dependence on gy, is very small and does
niot have to be considered [7]. The ouiput capacitor current
can be modelled by
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These coefficients can be measured, or derived from
equivalent circuit model parameters.

Now, using the Voiterra formalism for the output voliage
in terms of the input voltage at the gate yields

&)

and, using the Volterra seties for the gate voltage in terms
of the source current yields

vgs = Hy ovg,+Hzov§s+Haovgs+...

Vgs = Gy 0dy + Gooil + Gzo04d (6)

Now, the total transfer function K without including the
feedback effect due to Cygq is the product of the two transfer
functions H and G. So

v = Hy o {Gy0i, + Gaoi2 + G3083} +
Hyo{Cio0i,+Gpoi2 + G015} 4

Hyo{Gioi,+Gy0i2 +Gzo i)? )
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or more compactly

4= Kiois + Kzoil+ Kzoij+---  (8)

Next, the extensive definition of supporting terms is pre-

sented, from which are constructed the K, K5, and Kj:

From the above definttions, K1, Ko, and K3 Volterra

kemels are constructed to predict two-tone intermodulation
performance as shown next.

Ki(juw,) = ©

AF

where

A ={gi+y (w1) +jwicr} and F = {ys(w1) +juwrca} .
Next, the second order Volterra kernel is derived to the
following:

Ka(wy,w;) =
[{ai}iwicg,  {a2} +%’;)] *E
5 (10}
H+ExF
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where

E= {2.]wlcgl+ys(2w1)} H = {g1+y1.(2u1) + 2joncs },
and I)= af {ga+jwrca} .

Finally, the third-order Volterra kernel is expressed in the
following three parts:

Ka(jwrgwr, jun) = Ky, +Kap+Kac (12)
where
A B+C
Kau { A}{ DxExF3} 13
with
B= i(jwicg)®, C={}jwices} {2wrcgaty, (1)),
and D ={y.( wq) Jjwicm
Next,
ayxGxHtadxl
o | a{EmEREE A,
3= Jwiﬂgz ( )
{ ExK }
where

G ={g1+yr( W2) e}, I= af {gz+%jw1c1} s
and K = {yswlﬂulcg,}

Lastly,
Lxgx(2{-22
Ki.= %<33+[ { angxG+{n ng}
g1 XAZ
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Fig. 2: Shunt-Shunt Feedback Model for Linearity
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Fig. 3: Closed-Loop Block Diagram for Linearity Feedback
System

where

L =E2gz+jw102} » M ={go+jwicz} , and
O ={gs+3}jwics

B. The Effect of Shunt Feedback on Linearity

Next, the effect of Cyy on linearity will be developed via
a modified small-signat model. We begin by examining Fig.
2 where the small-signal model has been restructured inte
a shunt-shunt feedback model. The linear feedback comes
from Cyyq 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 non-
linear contributions to the amplifier output. Then the non-
linear analysis of Sec. ILA can be modified to include the
effect of linear feedback on the form of the final transfer
functions.

The feedback terms of the circuit, 3, can be identified
from Fig. 3

Br(jun) =P = Jwricg (16}

where
Bo(juy, jua) =0 (17)

where
Ba(jwi, jwg, jws) =0 (18)




Next the gain reduction factors are found; i.e.,

: 1
RGw) = T GanmGen 19)
R(3jn) = = 20)

1+ K1(35w1)81{37un)
With these definitions, the overal] Volterra kernels can
be expressed including linear feedback [8].

Vg, =G oiy+ Qaoil + Q30 -+ (21)
where
: Kl(j"‘ﬁ)
= 22
Q01 = 3R, GG, @
and
Q2(jw1, jw1) = R{jw1 Y R(2jw1 ) Ko (jur, jun)  (23)

and

Qs(jwr, jw1, jwi) = R(jwi) [K3(jwr,jwr, Fwi)
2K2(5U1,jw1)K2(jwh23‘“-’1)] ,
- R(34w
Ki(2jun) (31)
(24)

where
K2 (le ] 2jw1) =

{a1) Bjwicg, {an}+ 22y )*Fa]

Az+FaxK « E
(25)
where
Az={g1+y (3u1) + 3juner }
F3= {ys(swl) + Sj“)lcgl} ,and Ir= a‘%(g2+%jwlcz) .
. aq
Ki(2jw,} = T+ F (26)

Some expansion and substitution of terms will be re-
quired to create the final forn of the Volterra Kernels with
linear feedback. The following derivation relies on the re-
sults of Sec. IL.A using the different forms of K, , where
n=1,2,3 9]

The ratio of third order intermodulation distortion to the
desired signal, JM D5, is given by [5]

3|Q3(jwr, Jw, J‘wl)isg
4|QiGuwi )l '

The third order input intermodulation intercept point,
ITIP;, can be computed from the following:

IMDy = @n

IMDs
- 2
where P, is the input power at the I M D5 [10].
Using (28) and specific matching conditions, linearity
estimates from theory can be made to compare to measured
results as a function of bias.

HIP; = (28)

+ Pa
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Fig. 4: NSOpm x 0.35um C,, Coefficients vs. VGS at
VDS=1.5V
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Fig. 5: N50pgm x 0.35um gm Coefficients vs. VGS at
VDS=1.5V

IlI. EXPERIMENTAL RESULTS

The theory described above was verified with G.35pm
gate length NMOS devices at 5 GHz. Coefficients were de-
rived for each of the nonlinear elements described in Sec.
11 by polynomial expansion and fitting about a large-signal
operating point in MatLab based on measured [V curves un-
der specific bias conditions. Thus, the power series expan-
sion given in 1, for instance, contains both the large-signal
value of transconductance, ag, and the small-signal value of
transconductance, a,, along with higher orders, a,. This
provides for prediction of the transconductance in the pres-
ence of both large-signal and small-signal excitation. Sim-
ilar 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 g,,, modelling each of these iwo
nonlinear elements given in (4) and (1) as a function of V5.
In both cases, the large-signal values in saturation vary little
relative to the first and second order small-signal values as a
function of Vizs. The third order, small-signal values, such



Table 1: N5Oum x 0.35p¢m Theoretically Predicted vs.
Measured {11 P; dBm at VDS=1.5V

Term.

Imped. || Vgs Bias | Mea. | Pred. | Diff.
T(1) 11V 11 {1395 | 2.87
T(2) L1V 899 11068 | 1.69
T(3) 1.1V 9.04 | 1038 | 1.34
T(4) 13V 122 | 1586 | 3.65
T(5) 13V 12.5 16.44 39
T(6) 13V 12.6 | {4.68 | 2.12
T(7) 15V 1473 [ 1545 | 0.72
T(8) 15V 1471 [ 1483 | 0.12
T(9) 1.3V 1344 [ 12.44 | 0.998

Table 2: N50um x 0.35um Load Terminating Impedances
for Measured 11 P;

Term.

Imped. || [ ] ] £ 2 | 12l | £3 1 1al | £35
T (1) 0.647 | 258.6 | 0.815 239 | 0.806 | 64.8
T:.(2) || 0.647 [ 258.6 { 0.815 | 239 | 0.806 | 64.8
T (3 028 | 2564 1 0.466 | 1804 | 0.484 | 3226
T.(@) | 0685 | 217.6 | 0.830 | 166.5 | 0.878 | 3237
T3 | 0320 | 314.3 | 0.801 33 0.822 | 2513
T.(6) || 0.632 | 314.3 | 0.801 33 822 | 251.3
T.(D [ 0563 | 858 | 0.810 | 281.7 | 0.841 | 310.7
T.(8) || 0.653 ] 1543 | 0.853 | 51.9 | 0.839 | 149.7
(9 0559 | 3418 [ 0.751 | 60.3 [ 0783 | 332.0

Table 3: N50um x 0.35um Source Terminating Impedances
for Measured I/ P;

Term,

Imped. || [ o | £ 5 {12l | £8 | 1s] | £3
Tg(1) 0465 [ 1996 { 0.704 | 31.6 { 0.733 | 280.6
Ts(2) 0688 | 178.1 | 0.867 | 11.6 | 0.881 | 262.2
Ts(3) 0.668 | 178.1 | 0.867 116 | 0.881 | 262.2
Ts(d) 04101 2317 | 0.639 | 904 | 0.648 7.7
Te(3) || 0410 | 2317 [ 0.630 | 904 [0648 | 77
Ts(6) 0.660 | 1463 | 0.864 | 310.5 | 0.894 | 175.5
Ts(h || 0335 | 195.8 | 0561 | 12.8 | 0.609 | 247.¢
T5(8) 0.335 [ 195.8 | 0.561 128 | 0.609 | 2470
Ts(9) || 0495 | 179.0 [ 0.751 | 603 | 0.778 | 228.7

a8, ag, also vary little as a function of Vpg. As an example,
Table 1 shows the agreement between predicted I1TF;
and measurements, and the data agrees to within an average
1.9 dBm across differing bias and matching conditions. The
many source and load matching impedance terms and their
harmonics necessary for the [ M D prediction are shown in
Tables 2 and 3. Table 2 shows the load matching impedance
terms and harmonics of the lead matching terms. Table 3
shows the source matching impedance terms and harmonics
of the source matching terms.

The measurements were conducted at wafer level using
a Focus Microwaves passive load-pull system at a bias of
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VDS=1.5V 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 intermodu-
lation characterization and performance.

IV. CONCLUSIONS

A Volterra series analysis of a MOSFET common-
source amplifier has been done, which allows us to pre-
dict the linearity as a function of bias and terminating
impedance. Experimental results verify the utility of the
technique.
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