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Abstmct- This report describes a method for using 
a finite DC feed inductor in place of an (infinite in- 
ductance) RF choke. In addition to providing the DC 
feed connection, the finite feed inductor can be used 
to perform two other functions needed in the Class E 
power amplifier topology, namely, transformation of the 
500 load and reactive tuning. Since no assumptions are 
made about the shunt output capacitor, this result is in- 
dependent of the capacitor’s voltage dependence. The 
analysis results in simple, elegant, and easy to use de- 
sign equations that, in the limit where the feed induc- 
tor approaches infinity, reverts to the case with the RF 
choke. The concept was demonstrated using a silicon 
LDMOS FET operating at 200MHz. 

I. INTRODUCTION 

SING a finite DC feed inductor instead of an RF U choke has the advantages of smaller size, lower 
loss, and greater ease in realizability. The value of us- 
ing a finite DC feed inductor in Class E power ampli- 
fiers has apparently been recognized by many authors, 
as evidenced by the large number of reports on this 
subject. 

Zulinski made the first significant attempt to study 
this topic by applying Laplace transform techniques to 
solve the integro-differential equation used to describe 
the system 111. In subsequent publications Zulinski 
examined the effect of finite feed inductance and arbi- 
trary loaded-Q of the output network [2], as well as the 
effect of the finite feed inductor in the series-capacitor 
rendition of the Class E topology [3]. Avratoglou et 
al. also studied the finite feed inductor in the series- 
capacitor Class E topology [4] and analyzed the effect 
of a finite feed inductor in the shunt-capacitor Class 
E with arbitrary loaded-Q and finite ON resistance [5]. 
However, Zulinski and Avratoglou’s analyses are based 
on Laplace transforms which tend to be complicated 
because of the large number of coefficients that must 
be computed. 

In [6] Li and Yam went a step further by imposing an 
explicit resonant condition between the feed inductor 
and the shunt output capacitor. However, their final 
solution relies on numerical solution which also lacks 
the intuition that is helpful in initial design. 

Lf 

= Vdd 

....... 

Fig. 1. Class E Power Amplifier with Finite DC Feed Inductor 

The first well-defined, analytic solution for the fi- 
nite feed inductor Class E amplifier was reported by 
Iwadare et al. [7]. Their approach is similar to that 
used by Li and Yam [6], but theirs results in analytic 
solutions because of the even harmonic resonant con- 
dition they imposed, i.e., 

where, n = 1 ,2 ,3 , .  . .. The resulting analytic de- 
sign equations are concise and intuitive. Furthermore, 
when IZ = 1, their approach results in a “critical fre- 
quency” for Class E operation [8], i.e., the frequency 
where the required output capacitance is made up en- 
tirely of the transistor’s parasitic capacitance, four 
times greater than when a n  RF choke is used. 

Unfortunately, the optimal load resistance using 
Iwadare’s approach is over an order of magnitude 
smaller than with an RF choke [7]. Small values of load 
resistance (on the order of a few ohms) are difficult 
to realize accurately and are detrimental to efficiency 
as the parasitic resistances in the circuit approach a 
significant fraction (x10 percent) of the total load re- 
sistance. So, while Iwadare’s even harmonic approach 
is elegant and offers significant frequency extension, 
there is a penalty associated with the reduced load re- 
sistance. Finally, like the other approaches [1]-[6], the 
even harmonic technique is only applicable when the 
shunt output capacitor is linear. 
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Fig. 2. AC Equivalent of Finite Feed Inductor Output Circuit 

11. A SIMPLIFIED APPROACH 

Analytic design equations for the finite DC feed 
inductor can be found without resorting to Laplace 
transforms [ 1]-[5], numerical analysis [6], or even, to 
solving a second-order differential equation [7). This 
analysis is simply based on the assumption that the 
series-LC output resonator has a QL high enough to 
allow only a sinusoidal current, iR(e) (see fig. 1). 

A .  Analysis 

The feed inductor, L f ,  carries both AC and DC cur- 
rents but, as will be shown below, leaves the opera- 
tion of the Class E circuit fundamentally unchanged. 
The AC component of I F ( e )  can be found from fig. 2, 
which shows that the AC voltage across Lf equals the 
AC voltage across the LC resonator and RL. Under 
the high QL assumption, 

i R ( e )  = i~ sin(@ + $), (2) 

and therefore, 

vo(6) = iRRsin(O + $). (3) 

The total current flowing through Lf can be defined 
as 

(4) 

where the left side can be rewritten as 

+ cos(0) sin($) + - cos(*')] (7) ( Qf 

where'. 
W L f  Qf -. 

R 
Equation (7) can be rewritten as 

I F ( e )  - iR(e) = I d c  - i,sin(O + 4) 
= I D  (0) f i C  (0) 3 (9) 

which is the form obtained for the RF choke imple- 
mentation, where 

Therefore the design equations derived for the case of 
an FW choke are equally applicable here. 

B. Class E Design Equations 

Detailed derivations of the design equations2 for 
(Ceff),  RL, and X are beyond the scope of this work, 
but they can be found in 191 and [lo]. The design equa- 
tions are simply given here, where y and u are defined 
as: half of the non-conduction interval, 

y s[l - (duty - cycle)], (12) 

and the voltage slope a t  the onset of conduction, sub- 
ject to the constraint3, 

respectively [g] , [ 101. 

'Please note that Q, should not be confused with QL = d. 
Now, referring back to fig' '9 

RL the currents 2Nonlinear capacitoFs can be characterized by C(V) = 
while, for linear capacitors, c d  = (Ceff) = Cj,. at node "A" results in 

(6) L 3Note ' b J  that, in (13), a(y)  ycot(y) - 1. h ( e )  - iR(e) =  ID(^) + i d e l ,  
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Fig. 4. Plot and Best Fit of versus bi Ceff @b 

2vid sin’ (y) (15) subject to the constraint, RL = - 
Pout [Y2 + ((Y(Y) + *)2] WL; I x, 

Now all that is left is to derive the relationship between 
R, RL, and L f .  

C. Design Equations for L f  

circuit (labeled as “BPF” in figs. 1&2), 
At the resonant frequency of the LC series-tuned 

Q;R + jwLf 
1+Q: ’ ZLt = 

since . 
x = w(LI, + L>). (22) 

111. EXPERIMENTAL RESULTS 

The validity of this implementation of the finite DC 
feed inductor was verified experimentally using a sil- 
icon LDMOS FET device5 at 200MHz6 with U = 0 
and y = 0 . 5 5 ~  (45 percent duty-cycle). Since this FET 
device exhibits a highly nonlinear output capacitance 
(see fig. 3) this report also offers experimental verifi- 
cation of the design methodology for Class E power 
amplifiers with nonlinear output capacitors proposed 
in 191 and (101, and shows that this finite feed approach 
is independent of the capacitor’s nonlinearity. 

Since the junction grading coefficient, mj = % = 
0.283, cannot be represented by a positive integer 
value7 of n, the numerical approach described in [9] 
and [lo] was used to generate the plot (see fig. 4) and 
best fit equation relating Cj, to (teff) and &,, 

since L f  shunts R. Separately equating the real and 
imaginary parts of (17) to the series equivalent form, 

- ‘j0 - 
( C e f f )  - 5 [ ( 1 + 1 +6.131- 

0.474V 

results in4 

Z L , s e r i e s  = RL + .iwL;, (18) through numerically calculated values of Vdd. 
Using Vdd = 12V in (23) results in ( C e f f )  = 5.05pF, 

which can be used in (14)-( 16), to compute the compo- 
nent values. These values can then be used to compute 
the appropriate values for L f  and L k ,  by using (19), 
(20), and (22)’ see table I. 

(19) 

and 
L ‘The Ericsson PTF-10135 is rated for 5W, VBR,DSS = 65V. 

6200MHz was chosen to strike a balance between the tran- 
sistor’s transconductance and (C,ff), see (14), and to facilitate 
the realization of the inductors. 

71n [9] and [lo], it was shown that closed form, analytic soh- 
tions are possible for n = 1 ,2 ,3 , .  . .. 

L; = f (20) 1 + Q ; ’  

4Again, please note that RL is the Class E load resistance, 
which is not to be confused with R = 500. 
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Vdd 
12V 
L 

137nH 

Pout RL Lx 
1.77W 34.452 37.9nH 
C Lf L;, 

4.62vF 59.2nH 19.9nH 
I # I 

TABLE I 
DESIGN PARAMETEFS AND COMPONENT VALUES FOR 

f = 200MH2, y = 0 . 5 5 ~ ,  U = 0, AND QL = 5 

Vdd 
12V 
L 

137nH 

LDMOS FET L‘x27 1 Y c :  

Pout RL Lx 
1.77W 34.452 37.9nH 
C Lf L;, 

4.62vF 59.2nH 19.9nH 

RFm 

L 

ves A 

Fig. 5. 200MHt Class E Power Amplifier Prototype 

The maximum efficiency was qmas = 77.35%, but 
with gain of only 7.52dB, resulting in PAE = 63.66% 
(Pout = 1.41W and Pdc = 1.83W), see fig. 6. At a 
lower input level, the peak PAE was 74.29%, with an 
associated efficiency of 75.22%. In this case, Pout = 
1.31W, with Pdc = 1.74W which matches the de- 
sign value of 1.77W quite well. Approximately 12.5% 
power loss can be attributed to the finite ON resistance 
of the device, VDS,ON M 1.5V, while the output res- 
onator’s parasitic resistance is believed to be respon- 
sible for the remainder of the power loss’. 

IV. CONCLUSION 
A set of simple design equations were derived and 

applied to a Class E power amplifier with a finite 
DC feed inductor that provided complex load trans- 
formation, in addition to supplying the DC connec- 
tion. The proposed method is independent of the out- 
put capacitor’s voltage dependence, and was verified 
experimentally using a silicon LDMOS FET that pro- 
duced a maximum PAE = 74.29% with an associ- 
ated q = 75.22% (Po,, = 1.31W,Pdc = 1.74W) ‘at 

‘L in fig. 5 is an air-core inductor (16 turns, 34 gauge wire, 
1.8mm diameter). Previous attempts using a toroidal inductor 
wound on a ferrite core, resulted in roughly 3dB reduction in 
Pout, and using a chip inductor resulted in about 1.25dB reduc- 
tion. The loss in the air-core inductor could plausibly account 
for the remaining 0.5dB difference between Pac and Pout. 
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Fig. 6. Plot of Gain, 17, and PAE versus Pout 
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