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Transactions Briefs

The Effect of Transistor Feedback Capacitance where2y € (0, 2r) is defined as the nonconduction andleee Fig. 2.

in Class-E Power Amplifiers The conduction intervalf., < 6§ < f.4) and the nonconduction
interval (6. < 8 < 6o.), Wwhered = wt, are delineated by

David K. Choi and Stephen I. Long

g —y_ T 5T

n YT

Abstract—in this brief, the contribution of transistor feedback ca- G = 3r T_7r . 2

pacitance to the total output capacitance in Class-E power amplifiers ot =75 Y, 2 Yoovor @)

is analyzed. It is shown that the feedback capacitance loads the output

of the transistor by its nominal value plus an amount proportional to  In Fig. 1, the feedback capacit@r.a, appears between the input (con-

the ratio of the input voltage amplitude to the peak voltage across trq| port,ves) and output portups ) of the switch. The contribution of

the output of the transistor. Because a high-input drive is required for . . L
good transistor switching action, high-voltage swings may be present C,q to the total output capacitance during the nonconduction interval

at the input, and so this effect should not be neglected. Computer Will be analyzed below.

simulations are used to verify the validity of this analysis by comparing

the cases without feedback capacitance, with feedback capacitance, andA, Approximating:ps With a Sinusoidal Pulse
where the effect of the feedback capacitance is accounted for using

+y,...

the design equation derived in this report. The exact mathematical form ofs (shown in Fig. 2) as a function
Index Terms—FET amplifiers, MOSFET power amplifiers, switching _Of Voo, y, and? [8] is shown in (3) at ’_[he bot.tom of the. page, where
amplifier, ultrahigh frequency (UHF) power amplifiers. it was assumed that the output capacitance is voltage independent and
the slope ofps at the onset of conduction (defined@pis zero, and
where
I. INTRODUCTION
The effects of various transistor device parasitics on the operation of aly) =y cot(y) — L. (4)

the Class-E power amplifier [1] have been analyzed in the Iiteraturgu
Several reports have examined the effect of the voltage dependence

the output capacitance [2]-[5], while others have examined the effects
finite ONresistance [6] and input resistance [7]. This reportis dedicated
to an approximate analysis of the transistor feedback capacitége [ 0
in FETs, Cl. in bipolar junction transistors (BJTs)], with the goal of  ;  (4) = { DS mmax[sin(8— ) +cos(z D)]

providing a revised design equation for the Class-E output capacitance Ttcos(xD) ’
that accounts for the effect of the transistor feedback capacitance.

tffor the sake of simplicityyns will be approximated by a sinusoidal
se

vps(6) =
()nn S 0 < eoff
eoff S 0 < enn (5)

where, the peak value oHs
Il. ANALYSIS 0DS max = VDS (0)]0,0x (6)

An idealized Class-E power-amplifier circuit is shown in Fig. 1. For .
simplicity, the serie€ C' resonator (“BPF” in Fig. 1) is assumed to havéan be computed from (3) usirg..x [S] and [8]
an infinite ) (so thati, is a single-tone sinusoid) and the transistor is ) )
assumed to operate as an ideal switch, cycling between an open and, |, _, = 7 + arcsin sin(y) ’ _ arctan <Oé(y)> NG
short circuit with duty cycleD € (0, 1) defined as Y2 + a?(y) y
1) Fig. (3a)—(c) compares the normalized voltage waveforms of the exact

value ofwps in (3) versus the sinusoidal approximation given in (5).

Although there is a shift between the peaks of the waveforms, their
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Fig. 1. Idealized Class-E power-amplifier circuit with transistor’s parasitic capacitors.

Vbs:Ves Il. SIMULATION RESULTS

To verify the validity of this analysis, simulations of the Class-E
power-amplifier circuit (see Fig. 1), using ideal lumped elements and
an ideal switch in place of the transistor, were performed under the
following three conditions:

1) without feedback capacitance;

2) with feedback capacitanc€yq;

3) with feedback capacitancé, q, as corrected by (10).

The design parametéréor the simulations weref = 1 GHz, Vpp =
9V, Powe = 2 W, Qr, = 7. For the sake of brevity, only the results
using a 50% duty cycle are shown. In addition to qualitative indica-
tors# efficiency (n = (Pout)/(Pac)) and the voltage at the onset of
conduction

Vbs

VDs,max

UDS,on = vns (8)]o=6,. (11)

quantify how well the circuits operate under each of the three
conditions.

Derivations of the optimum Class-E output capacitance and the re-
maining Class-E circuit elements in Fig. L, L, C, andRy) are
beyond the scope of this work, but are worked out in detail in [5] and
[8]. They are included hebefor the sake of completeness.

Fig. 2. Class-E waveforms. (a) Switch input drivess) and switch output P /2( )
port voltage( vps ). (b) Switch currenti , ), capacitor currenti, ), and output oy = 2t 1Y) (12)
current(s, ). TwV3,
2 [Vop sin(y)]”
R; = [ DD Sln(y)] (13)

DPoui [y? + a?(y)]

2
Applying (5) and (8) to the equivalent circuit in Fig. 1, the output re- Ly = 1( ) {y 4 yose(y) — cot(y) [v2 + a*(y)] } R;

ferred loading effect of the feedback capacitQq is given by 2aly) w4
, QrRr,
Vin max 14 cos wD L ==" 15
ng,eq = ng |:1 + ! ( ( )):| . (9) W ( )
UDS,max C = 1 (16)
=T
The total output capacitance can now be written as 2The switchoN resistance was set to 1{irand theoFF resistance was set to
1 MQ.
. , Vinmax (1 + cos(w D)) 3Qr = (wL)/(RL).
Cour = Cas + Claa {1 + VDS o (10) 4Under proper Class-E operation, the voltage waveform should go to zero

with the correct slope [1].

. . . SThese expressions (12)—(16), (3), (6), and (7), assumethagoes to zero
which should be used to insure that the combined valu€s.0&ndC,a  with zero slope (soft switching), the design equations that allow for nonzero

correspond to the Class-E output capacitance, as expressed in (12yoltage slope are derived in [5], [8].
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Fig. 3. Normalized waveforms for comparisons of actual drain voltage versus approximation as a sinusoidal pulsg. for: (a) 30 percent duty cycle;
(b) 50 percent duty cycle; (c) 70 percent duty cycle.
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Fig. 4. Simulatedns andip waveforms versug. (a) WithoutCia. (b) With Cga. () WithCy(f = 1 GHz, Powe =2 W, Vpp =9V, Q. =7, D =

0.5,

TABLE | The circuit used to generate the waveforms in Fig. 4(b) differs from

COMPONENTVALUES AND SIMULATION RESULTS(f = 1 GHz,Vpp =9V,
Poue =2W,Qr =7,D =05,0=0)

Cga and the values foFout, Ppo, 1 = (Pout)/(Ppc), VDS max, an
ups,on are shown in Table 1. The waveforms in Fig. 4(a), depicting the

w/o Cyq| w/ Cyq | W/ O(,;d

Cys |1.251pF | L.000pF | L.O00pE
Cod 0.251pF [0.154pF
Pout | LOSTW | 1.895W | 1.919W
Ppc | 1.993W | 1.982W | 1.989W
n 99.7% | 95.6% | 96.5%
VDS man | 3260V | 3154V | 31.97V
VDS .on | 0344V | 2.965V | 1.651V

the one used in Fig. 4(a) in that a 0.251-pF feedback cap&acitas
added, while”ss was reduced by the same amount. The voltage wave-
form in Fig. 4(b) is close to 3 V when the switch turns on, indicating
that the circuit is not properly designed, and results in a large dis-
charging current spike. The simulation from which the waveforms in
Fig. 4(c) are obtained differs from that used for Fig. 4(b) in that the
value of C,q was corrected according to the expression in (10). The
new valueCyy = 0.154 pF was computeldby usingC,q = 0.251 pF,

VDS, max = 32.60 V, andVin max = 20 V (same input drive used for

all simulation§) in (10).

) ~ SUnder the Class-E operating conditions considered here, the ratio between
The resultant current and voltage waveforms from the simulatiogs, andCy. can vary from about 1:6 to 1:30 (both are strongly nonlinear) for

ip anduvps, respectively, are shown in Fig. 4. The value<af. and practical MOSFET devices [9], while ratios around 1:4 are reasonable for MES-

thatCy. = 1 pF.
7C/

gd

case with no feedback capacitance, show that the circuit is propeflyue ofc,..., according to (12).
820 V gate-voltage swings, while quite high, can be tolerated by LDMOSFET

designed, while the valueg, = 99.7% anduvps,on = 0.344 V, in

Table | confirm that the simulation approaches ideal operation.

devices [9].

d FETs [10]. Here, the value @4 = 0.251 pF was chosen for convenience, so

is the value that, when substituted 6%+ in (10), gives the correct
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The waveforms in Fig. 4(c) reveal that the correction in (10) is only A New Method for Harmonic Distortion Analysis in

approximate, but yields a definite improvement over that in Fig. 4(b). Class-AB Stages
Using Cpq = 0.154 pF reducesips on t0 1.651 V, from 2.965 V, _ _ .
with a corresponding improvement in efficiency from 95.6% to 96.5%. Gianluca Giustolisi and Gaetano Palumbo

Tuning the circuit of Fig. 4(c) by trial and error shows thati in
Fig. 1 is changed from 4.285 nH, as computed from (14), to 4.775 nH,

nearly ideal waveforms like those shown in Fig. 4(a) can be Obta'nqgi'rmonic distortion (HD) in class-AB stages is introduced. It is based on

Without changing the values &f,, = 0.154 pF orCqs = 1.000 pF, modeling each push—pull device in the stage with a different third-order
this simulation yielded the following valueB.,,; = 1.960 W, Ppr =  polynomial. The coefficients of these polynomials are then evaluated
1.965 W, 5 = 99.7%, vbs.max = 35.47 V. The reduction inPy. by straightforward computations or by pencil-and-paper analysis on

S S the transcharacteristic of the stage. The resulting theory was validated
a”‘?'Pdu indicate thatou:, as computed f_rom_ (12), is slightly under-by simulations and is able to predict the HD behavior of a class-AB
estimated. Furthermore, the fact that adjusting diky produced the stage over a wide range of input values. An example of the use of
correct operation is indicative of another error in the approximation the theory for pencil-and-paper analysis is also given.

(9); in this case, in the phase afs, which is controlled by x .

Abstract—n this brief, a new method for analytically evaluating the

Index Terms—Amplifier distortion, analog circuits, harmonic analysis,
harmonic distortion (HD), nonlinear circuits, operational amplifiers.

IV. CONCLUSION

The goal of this brief was to develop conceptual understanding of |. INTRODUCTION

the feedback effect af';a and to derive a simple, approximate design Total h ic distortion (THD be vi d | .
equation taking the feedback effect into account for initial design. |t otal harmonic distortion ( ) can be viewed as value measuring

: . : . - - : the amount of energy in the harmonics, relative to the energy in the fun-
is a given that, in practice, the power-amplifier design will have to b ; . . .
g P P P g ental [1]Y. being themagnitudeof the kth harmonic and naming

optimized in successive design iterations. The intent is, therefore, t ) o . s

the design equation derived in this report, (10), will serve as a starti ;"tth harrrlwonlc dls_tortlo(rjl éHl?r)HCI;mp%nDeznt a;g? Yie/¥1, THD
point, while the intuitive insights developed in the theoretical analys'i§O enwe approximate oY 2 + B .
will provide the basis for final design optimization. An important class of circuits where distortion must be taken into

account during the design phase are class-AB stages. In fact, these
blocks work under the large-signal condition and the nonlinearity
of their active elements is main factor responsible for the HD
[1] N. O. Sokal and A. D. Sokal, “Class E—a new class of high-efficiencyh operational amplifiers [2]-[5] or in current-mode circuits [6],
gi?ceﬂtss'cg:ejsegf‘fg ;;wtlcglsn_gléogvxﬁrn2Tgl7lger1EEE J. Solid-State 171 Unfortunately, despite its importance, designers seldom evaluate
[2] M. J. Chudobiak, “The use of parasitic nonlinear capacitors in Class @istortion analytically and its determination is often left to simulations
amplifiers,” IEEE Trans. Circuits Syst, vol. 41, pp. 941-944, Dec. Or to vague considerations about circuit symmetry. This inevitably
1994. leads to a nonoptimized circuit design where distortion is frequently
[3] T.Mader, “Quasi-optical Class-E power amplifiers,” Ph.D. dissertationninimized by increasing the gain of the feedback loop where the

Univ. of Colorado, Boulder, CO, 1995. . . . . L
[4] P. Alinikula et al, “Design of Class-E power amplifier with nonlinear stage is placed. Analytical evaluation of distortion is a fundamental

parasitic output capacitancé2EE Trans. Circuits Syst. Ivol. 46, pp.  task used, for example, for comparing new topologies, for evaluating
114-119, Feb. 1999. the distortion sensitivity to a parameter change, or for improving
[5] D. K. Choi and S. I. Long, “Generalized analysis of nonlinear outpuberformance of a given class-AB stage. Consequently, having a

f;gzcgﬁgﬁsehig dCIaSS'E power amplifiertEEE Trans. Circuits Syst, | athematical model for HD allows designers to better understand

[6] F.H.RaabandN.O. Sokal, “Transistor power lossesinthe Class-E tun&tf be_havior_of clas.s-AB_ Sta_ges and gives them a powerful tool of
power amplifier,”|EEE J. Solid-State Circuitvol. SC-13, pp. 912-914, analysis for improving circuit performances.
Dec. 1978. _ _ The literature reports some methods for evaluating THD analytically
[7] D. K. Choiand S. 1. Long, “A physically based analytic model of FETjn terms of HD, and HDy, but they present some weaknesses. The first

Class-E power amplifiers—designing for maximum PAEEE Trans. . . .
Microwa\?e TheorypTechvol. 47,%p. %12_1720’ Sept. 1999. method can be found in [8] and is used, for example, in [9] and [10].

[8] D. K. Choi, “High efficiency switched-mode power amplifiers for wire- It predicts HD and HD values, only for a sinusoidal input amplitude
less communications,” Ph.D. dissertation, Univ. California, Santa Bagqual taX »,. Hence, if we need to quantify the distortion for a different
bara, CA, Mar. 2001. , ~ amplitude, the method must be applied again with a different value for

[9] PTF 10135 GOLDMOS HF power transistor data sheet, EricssoR-  \oreover, it assumes low distortion and does not give accurate
(2002). [Online]. Available: http://www.ericsson.com/microe/products/ . _ L g
f_power_transistors/pdfs/10135%.pdf results if the original transcharacteristic significantly deviates from a

[10] Extracted CLY5 chip small signal model parameters (ascii text file), Mhird-order polynomial, which is common in class-AB stages where
Holz and J. Luginsland. (1994). [Online]. Available: http://iwww.infi- push—pull topologies are adopted.
neon.com The second method was first introduced in [11]-[13] and used in
[14] to evaluate the distortion of CMOS current mirrors. The method
is slightly more accurate than the previous one, but, in this case too, it

predicts distortion only for a sinusoidal input amplitude equaXto.
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