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Short Papers

A Method for the 2.45-GHz Magnetron Output The proposed method (MCCM1) uses a magnetron supply of
Power Control LCHWD type modified as shown in the block diagram of the

magnetron power control system (MPCS) represented in Fig. 1

Diana Martin, Angela Jianu, and Daniel Ighigeanu (manual control) and Fig. 2 (PC-based control). The main power units

consisting of a high-voltage diode (HVD), a high-voltage capacitor
) (HVC), and a high-voltage anode transformer (HVAT) are similar to
Abstract—A new method that overcomes the disadvantages of the yhe ynits used for the conventional magnetron energization system.
conventional magnetron output power (MOP) control is presented in . . .
this paper. The conventionalLC single-phase half-wave doubler supply The difference consists in the use of a separate .transformer for the
has been modified in order to allow the use of a manually controlled filament supply (HVFT) and of an electronic variator (EV) added
and/or PC-controlled electronic variator. Trains of high-voltage pulses to the HVAT primary circuit. The main component of EV control
followed by inhibited high-voltage pulses are periodically applied on the system is the phase converter, which modifies EV conduction angle

magnetron anode yielding a corresponding variation of the average MOP, . . .
with programmed steps, maintaining the advantage of peak microwave by controlling the input voltage level by means of a potentiometer

output power operation. The PC-controlled system provides a practically (manual regime) or by a D/A converter (PC-controlled regime).
continuous variation of the magnetron average output power. The principle of the proposed control method is illustrated in Fig. 3,

Index Terms—Anode current, electronic variator, magnetron, power V_Vh'Ch shows the.MWP and AHV vyav_ef_o_rms for the fOHOV_V'ng situa-
control, pulsed microwave. tions: no anode high-voltage pulse inhibition occurs [see Fig. 3(a)], one
applied anode high-voltage pulse followed by one inhibited pulse [see
Fig. 3(b)], andN applied high-voltage pulses followed by one inhib-
I. INTRODUCTION ited high-voltage pulse [see Fig. 3(c)].
Magnetron output power (MOP) is proportional to average opera-The_ corresponding variation of the MOP is given by the following
tional anode current. Variable MOP is typically accomplished by orRguation:
of the following current control methods (CCMs): control of the av-
erage anode current by duty cycle variation (CCM1), control of peak MWP = MW Poygm - N/(N + K) 1)
anode current by power supply (CCM2) and, for magnetrons with elec-
tromagnets, control of the anode current by magnetic field variatiovhere

(CCM3). MW Paygn  maximum average MWP (half of the peak mi-
CCM1 requires magnetron operation at varying duty cycles. Periods crowave power generated by the magnetron in the

of operation at high peak power levels are followed by long periods classical operation mode);

(seconds) of no power, rendering this approach unacceptable for certairy number of high-voltage pulses applied on the mag-

applications. In chemical synthesis, for example, samples could “cool” netron anode;

drastically between switching steps of seconds [1]. K number of the inhibited high-voltage pulses.

CCM2 provides continuous output power variatio_n by contrql of By means of the control system shown in Fig. 1, manual control has
magpetron peal.< anode (?urrent (MHC) However, this method is r}ﬁ‘gt been implemented on a domestic microwave oven that allowed
applicable for microorganisms sterilization where pulse modulated i, ;- hibition of 0—16 anode high-voltage pulses, rendering a corre-

crowaves are required because higher electric fields accelerate d%ﬁ%ding anode high-voltage pulse repetition rate of 50-3.125 Hz, re-
rate more than continuous waves [2], [3]. It is important to use mi;

. 7 ) ) ectively.
crowave power at high peak level while increasing the material tempeP—Fig_ 4 shows the real waveforms of the anode peak current pulses

ature as little as possible in order to point out whether the microwam/awe 4) and anode high-voltage pulses (Wasobtained by testing

nonthermal effect exists or not. . . .
. the control method on a 850-W maxim output power domestic mi-
In order to overcome the disadvantages of CCM1 and CCM2, wh Fbwave oven putp

a_pplled'to chemical synthesis or microorganisms ste_r_|||zat|on, amo I'Fig. 4(a) is an illustration of conventional operation: oscillograms of
fied variant of CCM1, referred here as MCCM1 (modified CCM1), haﬁ'ne anode peak current pulses and anode high-voltage pulses of 10-ms
been developed. duration applied on the magnetron anode when no anode high-voltage
pulse inhibition is commandedi{ = 0, pulse repetition rate 50 Hz,
[l. METHOD AND RESULTS inter-pulse duration 20 ms, mean anode current 170 mA, and mean

The conventional operation mode of magnetrons supplied liyCan OutPut power 460 W). _
single-phase half doubler (LCHWD) is a pulsed one: microwave powerFig- 4(b) and (c) illustrates the anode high-voltage on/off control
(MWP) is generated as 10-ms pulses at 50-Hz repetition rate by & two cases: (o) = 1 and i = 1, pulse repetition rate 25 Hz,
plying high-voltage pulses (AHV) of 10-ms duration and 50-Hz repénter-pulse duration 40 ms, mean anode current 80 m_A_ and mean
tition rate Rav) on the magnetron anode. output power 220 W and (¢y = 1 andK = 3, pulse repetition rate
12.5 Hz, inter-pulse duration 80 ms, mean anode current 40 mA, and
mean output power 110 W.

' _ In accordance with the method principle, switching the work regime
'IMr?gl;SuCtEgigeggv\/evirftigelﬁéﬁgggi Institute for Laser, Plasma and Rad]:gc-)m the conventional "50-Hz" one to the *25-Hz" one, by means of the
tion Physics, Accelerator Laboratory, R-76900 Bucharést, Romania (e—m&?ntml system shown in Fig. 1, _ShOU|d keep peqk anode current con-

martin@ifin.nipne.ro). stant. Still, the “25-Hz” work regime showed a slightly smaller value
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Fig. 1. Block diagram of the manual control system.
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anode current remained constant, as it should have for the whole fre- () variable: N=100, K=1; MWP=MWE, ,,;; x 100/101

guency range (from 25 to 3.125 Hz). A possible explanation is a small

synchronization error (synchronization is done with the ac supplyig. 3. Representation of the control method principle. (a) Conventional
This error can be easily eliminated by the PC-based control metheggration (no anode high-voltage pulse inhibition). (b)—(c) Anode high-voltage
by controlling the thyristor conduction angle in order to keep peak cuf!se inhibition occurs.

rent constant with varying frequency.

When implemented by a PC-controlled system (Fig. 2), the proposedrne proposed control method (MCCM1) in both implementations
MOP control method provides a practically continuous variation of tr‘(%anuw control and PC-based control) has been used in parallel with
magnetron average output power (similar to CCM2), maintaining th@assical control methods (CCM1 and CCM2) in order to ensure max-
advantage of operating the magnetron at peak microwave output poyyglim flexibility for the power control system of the 2.45-GHz com-
(similar to CCM1). Depending on the process, when using PC-bas@@rcial magnetron supplied by a modifie@ single-phase half-wave
control, the values folV and KX’ may be programmed and controlled togoupler.
obtain very small variation steps for MWP. Signals proportional to magnetron peak anode voltage (MHV), MC,

The following values forV and I’ were used during testing with peak forward microwave power (FP) and peak reflected microwave
PC-based controly = 1+-100, K’ = 0+5. A corresponding variation power (RF) (Fig. 2) are monitored by an electronic system (four peak
of the MOP, with programmed small steps (up to 0301V P...m), in  detectors and data acquisition system) and further processed by an
the rang@/ W Paygm (I = 0)+0.16 MW Pavem (K = 5andN = 1)  IBM-compatible PC unit. The operator may choose the CCM (CCM1,
was yielded in accordance with (1). CCM2 or MCCM1) and set the following magnetron control system
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Hlo Bt Svope Wolp To avoid the use of an isolator, which would increase the system cost,
ol b b D e e b e sursor Postions the RF (which may cause magnetron overheating and moding leading
X i to premature failure) is continuously tested and compared with the pre-
/\ ” “ M ” ” ﬂ ” ” ” programmed limit. The control is very sensitive to this condition and
‘ 1 \ t ' 1 ' ‘ \ \ (15200 ms ] Fonon my | reacts immediately within the next half-cycle by reducing the EV con-
I3 delta X delta Y . .
T P20 ms duction angle. A quench period can be set from one to more full cycles
and it is immediately followed by a new test of the RF. If the reflected
(a) power remains above the programmed limit, a complete interruption of
tontigwe | the voltage applied on the magnetron anode occurs. Power is also shut
off if the programmed limits of the average anode current and peak
! ‘ anode voltage are exceeded.
Crasare ] PC-based control is used in parallel with classical control so that the
magnetron operating regime characteristics are set by the following two
wi: W [woven [200v  |[000ms | wz@[weer ][200v [[000ms ] means: 1) digital control on the MPCS front panel (potentiometer for
wx O fwove  [toome | [thons ] weJfwowen J[toomy | [toons ] the MWP adjustment and holding at the desired level; digital selector
File Edit Scops Help switches for the selection of the operating mode—CCM1, CCM2 or
MCCML1) and 2) PC software.
} f A t 4 Sursor Positions Various conventional protective devices such as thermal switches
A {l n / and over-current relays were used (supplementary to the programmed
“ H H / j operating limits) to protect the magnetron and power supply. The con-
[_‘wu x l_lmu v trol is, therefore, sufficiently flexible to meet any operating situation.
Car e A set of experiments has been performed with MPCS properly pro-
P grammed under each application requirements. Our major research ob-
—— ®) jects were focused on the use of microwave irradiation to enhance the
Lot | reaction rate in chemical synthesis, to reduce the duration and temper-
( 1 t ature increase in microorganisms sterilization processes, as well as to
reduce the power consumption during the nitrogen oxides and sulfur
[testae | dioxide removal process.
v B (s e ] v B pees ey ] e The experiments were performed using a multimode rectangular
wx Owewer  J[toomy  |[teons | waOween foome  Jloons | cav!ty (MRC) of 450 mmx 245 mm>x 245 mm inner dimensions, .
e EAIT Some el excited by a slotted waveguide antenna. A structure based on five
e 2 inclined series slots cut &, /2 apart in the broad wall of a WR430
cursor Positions waveguide has been used as slotted waveguide. The above-described
Y ¥ antenna type was chosen due to its recognized property to introduce
“ / ’ : = = the microwave energy into a microwave cavity over a wide area with
“ { high transfer efficiency and good energy uniformity. It is easy to
[10340ms Jfosov | manufacture and convenient to operate.
p
Preliminary results showed that microorganisms death rate increased
© from 50% to 90% when using pulse modulated microwaves instead of
[eantigore ] continuous microwaves at the same temperature. The experiments con-
e . cerning the pollutants removal from the flue gases demonstrated that
! ' [ pulse modulated microwaves were more efficient, of about 20%—-30%
—— than continuous microwaves at the same average microwave power.
L [ ] g p
This results in a considerable reduction of power and, therefore, costs.
we: @ waven 2000 ]j2000ms | (MA@ [wawee |[[200v | [2000ms ]
wx Jlwevee  Jftoome Jloons | waJweven  |[toome | [toons” ]
Ill. CONCLUSIONS

Fig. 4. Real waveforms for anode peak current (Wa\jeand anode high The proposed MOP cqntrol method (MCCM1) Comll)lnes the ad-
voltage (WaveB) for: (a) conventional operation and (b)—(c) anode high-voltagéantages of both conventional current-control methOds-_M_OP control
on/off control operation. (a) Average anode currentl70 mA, N = 1, and by variation of the duty cycles and MOP control by variation of the

K = 0 (no anode high-voltage pulse inhibition), pulse repetitionsated Hz.  peak values. MCCM1 provides a practically continuous variation of

(b) Average anode current 80 mA, N = 1, andK = 1 (one applied the magnetron average output power, also maintaining the advantage

anode high-voltage pulse followed by one inhibited pulse), pulse repetition rai . . .
— 25 Hz. (c) Average anode current 40 mA, N = 1, andK = 3 (one oFoperatlon at peak microwave output power. MCCM1 can be applied

applied anode high-voltage pulse followed by three anode inhibited pulsef§)f material processing by microwave irradiation. The method relia-
pulse repetition rate= 12.5 Hz. bility will be further tested under different conditions.
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1. TIME-VARYING VOLTERRA ANALYSIS

The time-varying Volterra-series or large-signal/small-signal tech-
nique [9] begins by first analyzing the nonlinear circuit under large-
signal excitation (LO), employing, for instance, the well-known har-
J. Angel Garcia, M. L. De la Fuente, J. Carlos Pedro, N. B. Carvamg}onlc-bala_nce method. The nonlinear circuit components are then re-

Y. Newport, A. Mediavilla, and A. Tazén placed by_tlme-varylng eleme_nts, anq the small-signal nonlinear cur-
rent technique of \Volterra-series applied.
In Fig. 1, we show the general topology of a single FET mixer for ap-

Abstract—This paper presents a direct and robust analysis technique for plying the above technique. In active gate or drain mixgrs, = Vg
evaluating nonlinear distortion phenomena in FET mixers excited by mul- represents the RF signal, a role playedihyif it is resistive. The cir-
titone signals. Time-varying Volterra-series analysis has previously been _ . . L S
proven to be appropriate for small-signal intermodulation-distortion calcu- cuit has been divided mtc_) a linear $UbC|rcu'_t where the e'eme_”ts have
lations in mixers excited by simple RF signals. Spectral convolutions of the Pe€n represente}\(IjT by theNlrr COﬂVEI’SIONI’Tl matrices, and the nonlinear cur-
suitably mapped control voltages are introduced in this paper in order to  rent sourcesllgs, ', Igd, ", andIds; ') determined by théth de-
solve the nonlinear current source calculations for narrow-band modulated  gree Taylor expansion termg ¢ 1) for each respective nonlinearity.
or broad-band multicarrier RF signals. Simulations and measurements of The subindex: indicates the conversion matrix for the corresponding
a properly characterized resistive mixer validate the accuracy of this direct . . ) A .

time-varying element and “1” represent the frequency diagonal and

and noniterative analysis tool for spectral regrowth and noise-power-ratio ) ) A "
prediction in such applications. identity matrices [9]. Impedance matrices are used for the inductances,

Index Terms—intermodulation distortion, MESFETSs, mixers, Volterra while the admltltance 0ne§ de§cr|be the. Capaciltances.
series. Solving the linear subcircuit to obtain the first-order control volt-
ages and the first-order parameters (conversion loss or gain, RF input
impedance, and IF output impedance) for a discrete multitone exci-
. INTRODUCTION tation, or a discretized continuous spectrum, does not differ in prin-

The complex nature of the nonlinear distortion phenomena apPle from the classical one- or two-tone case. The conversion ma-
pearing in microwave applications, when excited by multitone signafé',ces should be evaluated, and the circuit solved for each excitation
has determined an increased use of new characterization proced(i@-€ncy component. _
instead of the classical two-tone intermodulation distortion (IMD) The problem arises when the nonlinear current sources have
test. In this sense, the adjacent channel power ratio (ACPR) is beFHgbe evaluated. To illustrate this situation, we will cc_)n5|der th_e
widely employed for evaluating the broadening of a signal bandwid@¢cond-order nonlinear current source for the predominant nonlin-
(spectral regrowth) and the distortion caused in the neighbor signz;ﬁ@.“tylds(vgsﬂ Vds), whose Taylor-series expansion is represented
The noise power ratio (NPR) is, however, preferred to quantify tH@ the following:
total co-channel distortion appearing in a particular frequency band of
a multicarrier signal. Ids(Vgs, Vds) = Ids(Vgs, Vps) + Gm1l - vgs + Gds - vds

In amplifiers, this problem has recently bgen considered maklr_lg use + Gm2 - vas® + Gmd - vgs - vds + Gd2 - vds?
of low-frequency transformations [1], transient envelope analysis [2], 5 . )

Volterra series [3], or spectral balance [4]. However, very few results +Gm3 - vgs” + Gm2d - vgs” - vds

have been reported for other applications [5], and the mixer case is + Gmd2 - vgs - vds® + Gd3 - vds”. 1)

as yet unsolved. For small-signal RF excitations, the case of most

practical significance in mixers, time-varying Volterra-series analysis From the first-order calculation, we can obtain a set of first-order

has begn proven to constitute an accurate and simple tool for IM:'Bntrol voltagesgs, andV'ds;. Each control voltage vector would
calculations [6]. Nevertheless, and to the authors’ knowledge, M of the form

published works in FET mixers have dealt with simple (one- or two-
tone) RF signals [7], [8].

In this paper, we propose a technique to extend this powerful non-
linear analysis method to the handling of more complex excitation sig-
nals at circuit level. In an analogous way to [3], it is assumed that the
circuit is weakly nonlinear for the RF signal such that a time-varying Vesy ' (wLo — wi)”

Vs (%) = Vsd (wi)

Vs (wro + wi)

Time-Varying Volterra-Series Analysis of Spectral
Regrowth and Noise Power Ratio in FET Mixers

_‘/vgsf[\’(l\y CWLO — »‘Jk)* -
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