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High-Efficiency Harmonic Loaded Oscillator with
Low Bias Using a Nonlinear Design Approach
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Abstract—We present a design method for an optimized high- harmonic effects on output power of an oscillator, no paper has
efficiency harmonic loaded oscillator. The proposed approach yet been reported that explicitly deals with harmonic effects.
predicts the performance of oscillators including output power, In this paper, we present a nonlinear design method for a
dc—RF conversion efficiency, and dc-bias current shift during : ’ .
start-up transition. In this method, the performance of the oscil- harmonic loaded oscillator a”?' clearly show the effects of
lator can be optimized based on the performance analysis of the fundamental load and harmonic load on the performance of
active device under the assumed operation conditions. The effectsan oscillator.
of fundamental and harmonic loading on output power and  The contents of this paper are as follows. In Section I,
efficiency are investigated by the proposed approach. Two kinds \ye nresent a systematic nonlinear oscillator design approach

of stability conditions are addressed for an oscillator initially . ' . . -
biased at a low gate voltage. Using the proposed approach, weWhich can precisely deal with nonlinear phenomena, includ-

design an oscillator that has a high efficiency of 61% at 1.86 GHz ing output power, efficiency and harmonic effects. In this
with a very low bias voltage of 2.0 V. approach, the embedding network elements are synthesized

Index Terms—Harmonic loaded oscillator, harmonic loading, thro.ugh the an.alysis of th? RF operating point of the gctive
high-efficiency oscillator, load line, microwave oscillator, oscilla- device. In Section lll, we discuss the load lines for maximum
tor stability, stability. power and for maximum dc—RF conversion efficiency. In
Section IV, we investigate start-up and build-up criteria for
oscillators. The start-up criterion is a microwave representation
of the Nyquist stability criterion using th&-parameters. The

N oscillator can be viewed as an active device witBuild-up condition tells us whether the noise signal satisfying
an external feedback network. The feedback netwofke small-signal oscillation condition grows up to the steady
elements are usually determined in order for the active deviggte. To verify the validity of the proposed design method, a

to deliver maximum output power to the load. To maximize thigarmonic loaded oscillator is designed and tested in Section V.
output power, it is required to correctly characterize the active

device by small- or large-signal linear parameters or nonlin-
ear device models. A number of oscillator design methods
have been reported that use large-sigftalor Y -parameters
obtained from measurement [1]-[4] or modified small-signd}- Substitution Theory
S-parameters [3], [5]. These quasi-nonlinear techniques areNhen an active device is given, it is generally difficult
simple, but their accuracies are valid only when the harmonig assess whether a designed oscillator has the optimum
components are negligible or small enough compared with therformance in its output power or efficiency. This is because
fundamental frequency component. Hence, these approacitese are a lot of different types of oscillators and the tuning of
fail to predict the performance correctly for cases in whicthe embedding circuits may change the oscillation frequency
oscillators operate in a saturated region. Other oscillator desigid output power simultaneously. Fig. 1 shows the scheme
approaches have been studied to include the nonlinearitiisthe oscillation analysis in commercial harmonic-balance
more precisely with nonlinear device models [6]-[8], bu¢gomputer-aided design (CADB)It uses OSCTEST for the
they are analysis-based approaches rather than synthesis-bagafysis of a general oscillator. OSCTEST is used to inject
ones. Although Berini [9] investigated experimentally the signal to the oscillator and to check whether or not the
. . oscillation condition is met. The oscillation occurs when the

Manuscript received June 10, 1998. L . . .

M.-Q. Lee is with the Satellite Communications System Departmed@OP gain is unity. The active device operates at the RF-
Radio and Broadcasting Technology Laboratory, Electronics and Telecodrive level of the injected power of OSCTEST when the

mggggg?ﬁrfzﬁemh Institute (ETRI) Taejon 305-600, Korea (e-madgci|iation condition is satisfied. Small variations in the circuit

S.-J. Yi is with the School of Electrical Engineering, Seoul NationaP@rameters in Fig. 1 change the oscillation frequency and
University, Seoul 151-742, Korea, and is also with LG Information andutput power at the same time. Hence, it is not easy to

Communications, Ltd., Anyang 431-080, Korea. ; i ;
S. Nam and Y. Kwon are with the School of Electrical Engineering, Seotﬂeggn an embedding network for the optimum performance

I. INTRODUCTION

II. NONLINEAR DESIGN METHOD

National University, Seoul 151-742, Korea. of an oscillator using the method described above. In order
K.-W. Yeom is with the Department of Radio Science and Communications

Engineering, Chungnam National University, Taejon 305-764, Korea. 1HP-EEsof Libra Manual Hewlett-Packard Company, Santa Rosa, CA,
Publisher Item Identifier S 0018-9480(99)06592-8. 1993.

0018-9480/99$10.0Q1 1999 IEEE



LEE et al. HIGH-EFFICIENCY HARMONIC LOADED OSCILLATOR 1671

| :
ds . B
OSCTEST ! 7o 0, Vi) ¢y : Z(no,)
O g g Ve | ( enbotdog e H-——
Network

V L
()] 2 8 Harmonic
P (w,) Termination L

Z, T's(nw,)
P.() ° 1
L L Fig. 2. Scheme of the impedance substitution for the embedding network.

I+
1,
L

I

Fig. 1. Oscillator analysis using OSCTEST in conventional CAD
(HP-Libra).
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to overcome this difficulty, we notice that the output power | (v, 1) (V519
of an oscillator is related to the RF drive level of OSCTEST —» sz
and the terminal voltages and currerts, vas, g and éqs, ﬁL ‘_' |

shown in Fig. 1. Since an oscillator is viewed as an active
device with an external feedback network, it is a timesaving
approach to analyze an oscillator by separating it into an
active device and an external feedback network. Also, th. 3. An oscillator topology with T-shaped embedding elements.
external feedback network can be substituted with the terminal

impedance of the active device to avoid the nuisance that mafw, ,4ch, it is possible to obtain the values of all elements of
different embedding networks may yield the same termingle generalized six basic oscillator configurations: three shunt
voltages and currents to the active device. Consequently, I%Ezﬁologies and three series topologies. For the series feedback
design problem is now reduced to the determination of the hology of Fig. 3, which has a load connected to the drain

. v ) e
drive level (V7 -(w,)|) corresponding to the injection signal, o the embedding elements are uniquely determined by
of OSCTEST and load terminatiorZ{(nw, )] at the desired

‘ Z(no)

frequency. The detailed procedure for the determination of the ., Re{z}

RF-drive level and the terminal impedance will be explained Zy =22+ 5P {3} (3)
in Section Ill. Once the terminal voltages and currents are . Re{z} o

determined, the embedding network is directly synthesized JTs :jlm{/} I (4)
using the simple circuit theory. In the substitution for the . . d

embedding network described above, the following two facts Jxg =jlm{z}

are assumed: 1) similar to the simulation using OSCTEST, IjRe{Zl}Re{ﬁf} (5)

all the harmonics are generated by the fundamental incident Im{3}

wave V" and 2) sinceZ;(nw,) is the impedance looking into i ) .
the feedback loop at the drain-source terminal, this may W&erez1, z2, 3y, andj, are defined in Appendix .
assumed passive.

In the above approach, the net power delivered to the 10a)| | oap-LINE ANALYSIS: DETERMINATION OF OPTIMUM
and the dc—RF conversion efficiency are defined by RF DRIVE LEVEL AND HARMONIC LOAD LINE

1

Posc(wo) = 7

— 2 + 2
{|V1 (wo)[* = [V (wo) } A. Analytic Load Line for a High-Efficiency Oscillator
with Low Drain Bias

+{|V{(wo)|2— |V2+(wo)|2}] (1) As explained in the previous section, the design of an
oscillator with high efficiency is directly related to the load line
P,(w,) of an amplifier with high efficiency. In an amplifier design, the
= [VbsIps| + |Vaslas| (2) improvement of dc-to-RF efficiency is generally obtained by
: o using highly driven class-B or class-F amplification terminated
whereZ, is the normalization |mpedanf:e of teparameters, by proper harmonic terminations. In such a case, the waveform
and Vps, Ips, Vas and lgs are te_:rmmal dc voltages and ¢ the grain current becomes a pulsed shape, while the drain
currents applied to the active device. voltage is maintained sinusoidal with the harmonic voltages
shorted. Further improvements in output power and efficiency
are obtained when the drain voltage becomes a square wave,
The net power of (1) will be reproduced as the fundamentaspecially for a low drain bias [10]. As described above,
output power of the oscillator if the embedding feedback nehe optimum load impedance has been studied for maximum
work of the oscillator is synthesized for the terminal voltagedrain efficiency. In this paper, only the fundamental and
and currents to be the same as those of Fig. 2. Once #eond harmonic impedances are taken into account in the
terminal voltages and currents are determined using the abawplementation of the load impedance. The optimum loads

B. Synthesis of the Embedding Network
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Fig. 4. An equivalent circuit of MESFET or HEMTR.p¢ is the resistance 4 o / * -
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. Input Incident Power [dBm]
are given as follows:

Fig. 5. The ADA results for an analytic harmonic load line of FHX35LG at
Vas = —0.5 V and Vps = 2 V, where P,s. and efficiency are calculated
from (1) and (2).

8 Vps — Vsar
Ropi(w,) = P AT

Ropt(2nw,) =0
Reped (204 s} = o ©)

where Vgar is the drain saturation voltagel,,.., is the
maximum drain current and = 1, 2, 3, - --.

Fig. 4 shows the equivalent circuit of MESFET or high 0.
electron-mobility transistor (HEMT) with parasitic elements.
In the derivation of (6), the active device is assumed to be
an ideal voltage-controlled current source without an internal
resistance. However, a real transistor has an internal resistor
Rs. Therefore, a portion of the generated output power may -o.
be dissipated in the internal resisthy;. In order to eliminate
the parasitic elements’ effects, the terminal impedancéfgr
should be calculated. The terminal impedance compensating
for the parasitic elements is given by

I max

.0

Unit: dBm

Fig. 6. Output power contours on the Smith chart of the fundamental

Zopt (nw,) impedance with the second harmonic terminated with the impedance of (7)
1 (Vas = =065 V, Vs = 2 V and [V (wo)| = 7 dBm).
T — jnwChy
1 . —jnw(La+ Ls) on, but this level may degrade the active device. Thus, in
W — jnwCys practical design, it is better to select a level slightly below the
op 4]

7) theoretical RF drive level.

wheren is the order of harmonics. ] ) )

Fig. 5 shows the results of the active device analysis (ADAy Load-Pull Harmonic Load Line for Maximum
for HEMT (Fujitsu FHX35LG) with the harmonic load of Power or Highest Efficiency
(7) at Vgs = —0.5 V and Vps = 2 V. The simulation is  The output power and efficiency in Fig. 2 depend on the
performed by HP-Libra with the EEHEMT3 model. Frominitial dc bias conditions, load impedance, and RF drive level.
Fig. 5, we note that, for the oscillator initially biased neafo investigate the effects of the fundamental frequency load
pinchoff, the dc drain current significantly increases as thmpedanceZ;(w,) on the performance of the oscillator, the
RF-drive level increases. In proportion to the dc drain curreddad—pull is carried out on the Smith chart of the funda-
the output power and conversion efficiency also increase untiental impedance with the second harmonic terminated with
the gate—source Schottky barrier is turned on. The maximwan impedance of (7). The load impedance can considerably
dc-to-RF conversion efficiency occurs at the point whemhange output power and efficiency, as shown in Figs. 6 and
the gate—source Schottky barrier begins to be turned a@h,These results are similar to those of power amplifiers. In
while the maximum output power is observed at slightliFigs. 6 and 7, it is noted that the optimum loads of maximum
above the gate turn-on voltage. If the Schottky barrier of tteutput power and highest efficiency are slightly different.
gate—source junction is turned on, the transconductapgce This is due to the variation in the drain current to the load
rapidly decreases due to the loss in the gate—source junctiompedance, as shown in Fig. 8. The slight variation of the drain
Theoretically, the RF drive level for the highest efficiency isurrent changes efficiency around the maximum output power.
the incident power that makes the gate—source barrier tdrhe reflection coefficients calculated from (7) and obtained
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Fig. 7. DC-RF conversion efficiency contours on the Smith chart of 0 %0 180 20 300

the fundamental impedance, where the second harmonic is terminated Phase of ['(2w,)
with the impedance of (7)Wzs = —-0.65 V, Vps = 2 V and
|V1+HF (wo)| = 7 dBm). Fig. 9. Output power and dc—RF conversion efficiency with respect to the
’ phase of the second harmonic reflection coefficidft«(,) = 0.1 + 50,
[Vitrr (wo)| = 7 dBmM, Vas = —0.65 V, and Vps = 2 V).
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Fig. 8. DC drain-current variation on the Smith chart of the fundamental _io.0
impedance, where the second harmonic is terminated with the impedance of 00 Drain Volt v 5.0
(7) Vas = —0.65 V, Vps = 2V, and [1} s (wo)| = 7 dBm). rain Voltage [V]
(@
from the load—pull for the highest efficiency are 80.0 e
70.0
Fl(wo) /
0.1+ 50.05, from the analytic harmonic load =z °0° ﬁ/ Ves-0.v
- line of (7) E sool{fl I
0.1+ 350, from the load—pull of Fig. 6. TE 40.0 N | // Ves=02V
=4 ';
®) g 300 / X( — Ves=0.4V
The optimum load calculated from the analytic load line is £ z0.0 // N //f .
very similar to that of the load—pull. For the circuits initially 0.0 ////\ T _ATET
biased near pinchoff, the harmonic effect on the output power k/i/’%/ Ves=0.8Y
is very important. To examine the harmonic effects, the second g0 * ]
harmonic load—pull is performed. As it is known that the -10.0 5 55
output power and efficiency can be improved by selecting a Drain Voltage [V]
reactive harmonic termination, the second harmonic effects are ()

studied by varying the phase of the second harmonic reflecti'(_)in . ) . -
_ . . . g. 10. Output load lines for (a) maximum efficiency condition

coefficient for a reactive load. As shown in Fig. 9, the outpyt,(.,,) = 0.287/29.25°, I;(2w,) = 1/225°) and (b) maximum

power of 2.5 dB and the dc-to-RF conversion efficiency a@lutput power conditionI{;(w,) = 0.112/26.56°, T';(2w,) = 1£225°) at

17.5% can be improved by properly selecting the phase ¥ rr(wo)l =7 dBm, Vas = ~0.65 V, andVps = 2 V).

the second harmonic load in the case of a low gate bias

(Ves = —0.65 V). In Fig. 9, the point of the best performanceat the input port. To the authors’ knowledge, this is because

corresponds to the shorted load. We also perform the secahe input drive level (7 dBm) is sufficiently lower than the

harmonic source—pull at the same drive levél{;.(w,)| = maximum operating point (approximately 10 dBm, as shown in

7 dBm). The result shows that the performaﬁce variation ig. 5). There should be more power (or efficiency) variations

very small when the second harmonic load is incorporateldie to input harmonic loads as the input drive level increases.
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Fig. 12. Maximum output power and maximum efficiency for various initial
5 75 dc bias points. This simulation is carried out with second harmonic impedance
shorted.
4 60
/% N
«t ‘\ /\ ! \\ / _ IV. CRITERIA FOR THE SELF-OSCILLATION CONDITION
— i /~ / < . . ..
% R [ v E As the gate bias goes down near pinchoff, the efficiency of
;3? /I “ /I ‘\ g the oscillator is shown to be increased in Fig. 12. However,
S 2R " . 30 é the transconductancey,f) of the device is so small near
§ I 1 I | g the pinchoff bias that oscillators may have a bad start-up
e - \ K \ 5 A condition. It is necessary to test the oscillation possibility
/\/J\ /\/\j \ for such a circuit. An oscillation is triggered by noise and
. // AN /l NN . builds up until it reaches the steady-state condition. Hence,
§ 200 a0 600 800 1000 two conditions—start-up and build-up—are required to test

whether or not the designed circuit oscillates at the desired

frequency and RF-drive level. The start-up condition is used

(b) as a small-signal stability criterion to check whether or not the

Fig. 11. Voltage and current waveforms at: (a) maximum efficiency condil€signed circuit meets the linear (or small-signal) oscillation

tion (I'y(wo) = 0.287229.25° andI'y(2w,) = 1/225°) and (b) maximum - condition. The build-up condition is used as a large-signal

Zfzpﬁipoxirri?rfj'goggﬁﬁ? :_Oilozé;?fgn:{'dr‘(_zz\)/): 12225 criterion to test whether or not the noise satisfying the linear
L RpAeL = DR Yas = e bem s oscillation condition builds up to the desired RF-drive level.

Time [200 psce/DIV]

Fig. 10(a) and (b) shows the load-line curves for maximum. System Characteristic Equation (SCE) as a Small-Signal
efficiency and maximum output power, respectively. Sindgriterion for the Start-Up Condition

only the second harmonic component is optimized to beIt is important to check at which frequency the oscillation

shorted in the above procedure., our oscillator may OPEIglR start up in response to ambient noise. For this purpose,
between class-B :_;md class-F. Fig. 11(a) and (b) .ShOWS t'Wg have devised a graphical approach that can test whether a
waveforms of d_ram voltage and current for_ maximum effig oo circuit has an unstable pole near a particular frequency.
ciency and maximum output POWET, respectively. They ha\AQS a test function, the SCE is considered because it exists
nearly square waveforms and their waveforms are nearly QH{iquer for a linear circuit. An accurate SCE is defined by
of phase, therefore, the dc power consumption becomes qlﬂg?ng node-based parameters, suct’asarameters, but it is

sma}ll. . . so complex that we cannot quickly assess the stability of a
Fig. 12 shows the simulation results of the output power .~ i it [11]

and dc-to-RF conversion efficiency for the various initial d In order to test the stability of a circuit more quickly,

bias points. Notice that there is the optimum drain voltage fWe define the SCE using the two-paftparameters of the

aximum .eff|C|ency a.t which transconductance IS MaXIMUMrtive transistor and embedding feedback network, as shown
If the drain voltage increases beyond the optimum valuﬁzf Fig. 13

th'e output. power increases while the eﬁic':iency'(jecreajse%sing Mason’s rule, the SCE is given by
slightly. It is interesting to note that conversion efficiency is
not sensitive to the initial dc bias, while the output power is A(p)=1-3L(1)+XL(2) = ZLB3)+---=0 (9)
quite dependent on it. The initial bias point has no first-order

relationship to the class of operation, but it imposes a limit omhere >1L(1), XL(2), - -- are the first- and the second-order
the terminal voltages and currents in the oscillator. loop sums defined in Mason'’s rule, respectively. The SCE of
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Fig. 13. The representation of a signal-flow graph for the oscill&tgrand
S! ; represent the active transistor and embedding network, respectively.

the general feedback circuit is given by

System Characteristic Equation

A(p) =1~ {5115}, + 5215}, + 52250+ 51254, ~ 511" } =
10 Fig. 14. Graphical illustration of the SCE around the oscillation frequency
(10) for the designed oscillatorA(jw,) < 0 and (9/0w){A(jwa)} > 0

therefore, the designed circuit is unstable and oscillates areynd

where p is a complex angular frequencys;;’s are theS-

parameters of the transistor, afif}’s are that of the feedback

network.

The real term of the solution, of (10) is given by (detailed : : :
derivation is given in Appendix II) 12.0 40 E N S P

o= A(on)lm{ A(jwo }/‘ A(jws,)

We use the sign of as a criterion to test whether a linear
circuit is stable or unstable. A positive sign efmeans that
a pole of characteristic equation exists in the right half-plane
and, therefore, the circuit may oscillate«xat. The sign ofs is
determined by two factorsA{jw,) andlm{(9/9w)A(jw,)}.
In many cases, onl(jw,) is used as a criterion for stability, : o :
but it is meaningful only if the imaginary part of the derivative @red RF-Drive Lével
of the SCE with respect to frequency is positive. Sirtte o S : S
parameters depend on the normalization impedance, the sign ~~~ ©.0 10.0
of A(jw,) may be positive or negative. Therefore, the sign of input incident power [dBm]
Afywo) .IS not S_umCIem for. the deCISI(_)n of Stabl“_ty' 15. Curves of added power gain for differé¥it;s’s, which are the
The sign ofs is more easily found using a graphical methocresunS of the ADA T;(w,) = 0.120° andT;(2w,) = 1/230°).
Fig. 14 shows the locus of the SCE of the designed oscillator.
Since A(jw,) < 0 andIm{(9/0w)A(jw,)} > 0, the sign of device can be defined as

15.0

operatmg point

(11)

added power gain

W
o

o is positive, therefore the designed circuit is unstable and the V5|2 = |[VsH)?
initial oscillation occurs neay, = 1.90 GHz. Gadd (|V1+|) s (12)
Vi = V|
B. Added Power Gain as a Large-Signal Criterion for In order to reach the desired steady-state oscillation condi-
Build-Up of the Oscillation Condition tion, the added power gain at start-up must be larger than that

at the steady-state incident power level determined from the

At the beginning, the oscillation is triggered by a smal II analysis of the active device, i.e.,

signal noise, after which the triggered signal builds up to the
steady-state signal. The amplitude of the input drive V0|ta@é&dd(|sttart-up|) > Gadd(“/l,steadv-stateb’

of the transistor is varied in the transient process from the in transient process (13)
start-up to the steady state. In order to investigate the build-

up process of the oscillation signal, the gain of transistor amdere |ijsmt_up| is the input drive level at start-up and
loss of the embedding network should be compared [12] in tlh@l—l—steady-state| is the desired RF-drive level at steady state.
transient process since the added power gain is a function offhe curves of the added power gain for different gate
the amplitude of the input drive voltage. At the steady statepltages are shown in Fig. 15, where the gains are varied
the loss of the embedding network should be the same as #éppreciably with the input incident power level. In Fig. 15, if
added power gain of transistor. The added power gain ofttee RF drive level is chosen at the point marked with an arrow,
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TABLE |
SPECIFICATION OF HEMT USED IN THE DESIGN Vd
Ttems FHX 35 LG <)
short
Gate Length | 0.25[pm]
Gate Width 280 [pm)] ang{I'(2w,)
Tass 30 [mA] [ £
Vds,ma.x 4.0 [V]
Piap 14 [dBm)] ' oad
f; 35 [GHz] oa
il .
Lmax 55.4 [mA] g\ﬁ/g _Q drain
Vg 0.6 [V] Fix3sLG ® (g T
Veat 054 [V] 5 S bias circuit
V, 055 [V] : ¥ B 2-nd harmonic
=== fundamental
C Start D, Fig. 17. Circuit layout of the designed high-efficiency harmonic loaded
v oscillator.
Initial DC bias
B Vs, Vds —
i 15 e 100 _
T O Output Power [dBm] 5 N
o =
Active Device Analysis for = DC-R¥ Conversion Efficiency[%] Loau® a® P
Determination of RF Drive Level el 14 y Y oo goe ‘ - 80 B
] ot ' Q
E; 13 -Ei-------I---...- ama - - 60 =
2 o - .2
& 5
Fundamental Load Pull 5 12 e — z
********* g- Nonself Oscillating ~ Sel-Oscillating 8
Second Harmonic Load Pull S 4 Mode Mode 2 E
a @)
[a]
L - 10 : 0
Terminal Voltages and Currents 2 -7 -14 1.1 -0.8 0.5 -0.2
vV, Vo, I, 1, o Gate Voltage, Vgs [V]

Fig. 18. Experimental resultdfhs = 2 V and f, = 1.86 GHz).

i
Synthesis of Embedding Network

Xs, Xg, 7d at 1.86 GHz. Table I illustrates the specifications of the HEMT
T used in this paper. Fig. 16 shows a flowchart to summarize the
, o design procedures mentioned above. To realize the harmonic
——— | Implementation of Embedding load in the embedding network, the source impedance is
etwork in Microstrip )
- shorted at2w, and then the second harmonic loBg{2w, )
— is synthesized at the drain port. The effects of the second
Stability Check harmonic impedance of the gate impedaneg2w,) is ne-
glected. The implementation of the embedding network is
shown in Fig. 17. At drain load, the second harmonic reactive
T termination is implemented by microstrip lines and radial
C Ed ) stubs. An efficiency of 61% is obtained by setting the gate
voltage to —1.5 V, which is the maximum efficiency over
the entire operating gate voltages. The maximum output of
oscillators biased with/gs = —0.6 V and Vg = —0.65 14.46 dBm is obtained at,, = —0.5 V. Since the 1-dB

V can reach the designed operation point (the steady-st&@urated output power of this device is approximately 14 dBm,
oscillation condition) because (13) is satisfied. However, tiige operating point of the HEMT is in a strong saturation

oscillator biased belowzs = —0.65V cannot reach the region. This RF-drive level makes the gate-source Schottky
designed steady state. In this case, the designed circuit card@tier turn on slightly. The self-oscillation mode is observed

oscillate by itself. Thus, in order to design oscillators in th@hen the gate bias voltage is higher tha0.65 V, which

self-oscillating mode, the gate bias voltage should be larg&tows good agreement with the prediction from (12). Fig. 18
than —0.65 V. plots efficiency and output power as a function of gate bias.

Experimental data agree well with the theoretical prediction
by the proposed ADA shown in Table Il. Some published
high-efficiency oscillator results are compared in Fig. 19. The

The proposed design method is demonstrated by designdesigned oscillator has the highest efficiency with a low drain
a high-efficiency oscillator using a Fujitsu HEMT (FHX35LG)bias of 2 V.

Start-up ? Build-up ?

Fig. 16. Flowchart for the design procedure.

V. OSCILLATOR DESIGN AND PERFORMANCE
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TABLE I where Z;’s (¢, j = 1, 2) represent the impedance param-
CoMPARISONS OFADA A NALYSIS AND MEASURED DATA AT: (@) Vigs = —0.5 eters for the passive embedding network. For the T—shaped
V AND Vps =2 V AND (b) Vgs = —0.65 V AND Vps =2 V . . ; . .
embedding network, shown in Fig. 3, the passive embedding

Ves=-05V Prediction(ADA) | Measured network parameters are expressed in terms of the source, gate,
Output Power 13.62 dBm _ | 14.46 dBm and drain impedances of Fig. 3 by
DC-to-RF Efficiency 51.50 % 48.32 %
Ziy =44 (15)
a
@ Ziy =2, + 2. (16)
Vgs=-0.65V Prediction(ADA) | Measured L5y =Zy+ Zs. a7)
Output Power 13.58 dBm | 14.40 dBm By substituting (15)—(17) into (14) and using the terminal
DC-to-RF Efficiency 52.70 % 53.84 % .
- voltages and currents, the elements of the embedding network
(b) are arranged by
<Zg> _ <V1/—71 1+12/11><1 ) (18)
? Zy Vo/l, 1+1/L)\%
Komene BB whereV, = V¢, Vo = Vi, I = —If{ andl, = — I are used.
T s For a simple expression of (18), we introduce the following
2 IX Bryerton(s9%)(15] | four variables:
= 6 ) ) i V
§ I Prigent95(67%) 14] 1 = — I—l (19)
o 1
&0
§ ¢ X Berini94(3724)(9) Exans85(16.7%)16 ] 29 = — E (20)
“ Rauscha$ 1(28%67) chn9,1(37%)§|7J ‘ IQ
2| X Thisespersin) B\ cspddensasosayis] | ﬁf = — (]_ + AI)
P
00 5 1‘0 1‘5 2‘0 iS 30 35 4b =" <1 + I_1> (21)
Oscillation Frequency [GHz] 1
. . - . Gr=—-1+—
Fig. 19. Reported high-efficiency oscillators. Ay

I
VI. CONCLUSION - <1 + ]_2> (22)

A systematic design method has been presented for the where A; = I>/1;.
sign of a high-efficiency harmonic loaded oscillator. Using the Using (19)—(22), (18) can be rewritten as
proposed method, output power, efficiency, and dc-bias current z, 21 By 1
shift can be predicted in the design stage by only analyzing <Zd> = <22 By ) <Zs>' (23)
the active device. The effects of the fundamental and harmoniq:Or a specific case in which the load is connected to the
loads on dc-RF conversion efficiency and output power Wgs,in nort, the source and gate impedances are set by a purely
discussed. In the authors’ experience, the oscillation analysmidgsless element, i.eZ, = jz, and Z, = jz,. The elements

the frequency domain has a severe convergence problem Vﬂfnhe embedding network can be evaluated by
respect to the position of OSCTEST. However, the proposed

approach has rarely the convergence problem since it has the Za=z+70 IRe{zl} (24)
more simple topology than the oscillation circuit. Two stability m{fr}
criteria of start-up and build-up were derived and applied to s :jRe{Zl} (25)
the design of a high-efficiency oscillator. An HEMT oscillator Im{3}
was built and tested to verify the proposed approach. An o ) Re{z}
efficiency of 61% with a bias of 2 V has been successfully Jxg =glm{z } +JR€{ﬁf}1m{/3f}' (26)
demonstrated at 1.86 GHz. Good agreement has been found
between the measured data and prediction from the proposed APPENDIX Il
d;efggn alpproe_lch. Thr:s appfroach has,fthr(]areforgl,I been used to SMALL -SIGNAL STABILITY CRITERION
effectively optimize the performance of the oscillator. FOR THE START-UP CONDITION
APPENDIX | It is assumed that the squtiqn‘of (9) is Io_cated near the
EXTERNAL EMBEDDING CIRCUIT SYNTHESIS zero phase frequency @ on thejw axis defined by
The oscillator circuit can be decomposed into the active ‘I’[A(‘iwo)} =0. (27)
and embedding networks, as shown in Fig. 3. The terminaljt js convenient to write the solutiop of (9) as
voltages and currents can be expressed-parameters as
Viwo)\ _ (70 70 (T (o) p=ilwo+ow)+o 8
€ = € € € (14)
Vi (wo) Ziy  Z5 /) \I5(wo) wheresw and o are assumed to be small relativeup.
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TABLE 1lI [11]
FOur CASES OF STABILITY
A(jwo) | Im{ZA(jw)} [ Stability Criterion [12]
A(jw,) >0 Im{aa A(jw)} >0 Stable
Ajwe) >0 Im{am (jw)} <0 Unstable
Afjw,) <0 Im{(9 Ajw)} >0 Unstable [13]
Ajw,) <0 Im{aw (jw)} <0 Stable

[14]

The SCE of (9) can be rewritten by the Taylor expansion
aroundw, so that [15]

16
Alp) ~ el

Ajan) = oA
Splitting (29) into real and imaginary parts, equations fo[gm

béw and o are obtained by

Real : A(jwo) — Aldw — ALo =0

Imag: Alo — Al,bw =10

(bw —jo)y=0. (29)

(30)
(31

whereA’”, andA?, represent the real and imaginary parts of the
partial derivative ofA with respect tav, respectively. Solving
for o with (30) and (31) gives

w0} /|5

If the sign of ¢ is positive, the system pole of (9) exists
in the right-hand-side plane. This means that the circuit m;
oscillate atw, + éw. The sign ofo is determined by two [
factors:A(jw) and (9/0w){A(jwo)}. Four cases for stability

2

o= A(jwo)lm{ A(jwo) (32)
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