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Abstract—To meet the increasing power demands of
microwave industries and scientific innovations, a dual-way mag-
netron (MGT) power-combining system based on an asymmetric
H-plane tee combined with closed-loop phase compensation
(CLPC) was developed and tested. Only one external injection
was used, which could lock both frequencies of the two MGTs
via the port coupling of the asymmetric H-plane tee. Addition-
ally, phase control was achieved simultaneously in both MGTs.
By tuning the external frequency, the frequencies of both MGTs
could be shifted to optimize the power-combining efficiency. The
optimal combining efficiency was 95.7%. By adjusting the phase
of the external injection, the phase for the combining output
was adjusted with a control scope in the 0°-360° range. The
phase noise level of the combined output was largely inhibited
by implementing only one closed-loop phase compensation sub-
system. The phase jitter was limited to approximately +0.5°,
and spur suppression ratios of —61.0 dBc/Hz at 10 Hz,
—80.9 dBc/Hz at 100 Hz, —91.6 dBc¢/Hz at 1 kHz, and so
on were achieved. Moreover, we deduced the corresponding
power-combining theories in the asymmetric H-plane tee and
noise reduction using the closed-loop compensation method. The
numerical predictions qualitatively agreed with the experimental
results. Additionally, this research reveals that the proposed tech-
niques have great potential for future power-combining systems
because they provide higher power output and noise reduction.

Index Terms— Closed-loop system, injection locking, mag-
netron (MGT), phase control, microwave power combining, phase
noise.

I. INTRODUCTION

AGNETRONS (MGTs) have attracted the attention of
researchers for decades because of their remarkable
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advantages such as low weight, low cost, high-efficiency dc-to-
radio frequency (RF) conversion, and high-power microwave
output. In applications using advanced materials, such as the
synthesis of diamond films [1], microwave sintering of pow-
dered metals [2], and other innovations that rely on promising
high-power microwaves, continuous-wave (CW) MGTs are
irreplaceable because they enable energy conservation and
emission reduction. Brown et al. [3] proposed that CW MGTs
are potential candidates as high-power microwave sources in
microwave wireless power transmission (WPT) systems and
space solar power stations. Shinohara et al. [4] used MGTs for
practical WPT applications by developing phased arrays based
on phase-controlled MGTs. Overett ef al. [5] proposed that the
MGTs are attractive, simple, and inexpensive RF systems for
future accelerators. Dexter et al. [6] and Kazakevich et al. [7]
demonstrated that a superconducting cavity can be driven by
an injection-locked MGT transmitter with a phase jitter of less
than or equal to +1°.

An MGT’s output power is limited by the cavity’s physical
dimensions. The power-combining technique is an effective
and commonly used method for combining multipath energy
flows and gaining multifold output power with high combining
efficiency. However, the operating frequency and phase of a
free-running MGT fluctuate instantaneously. High-efficiency
power combining cannot be achieved when the incoming sig-
nals are incoherent and incontrollable. The injection-locking
technique is an attractive method for improving the output
quality and synchronizing the operating frequencies of differ-
ent MGTs.

When the frequencies of MGTs are coherent, they are ready
for high-efficiency power combining. For particle accelerator
applications, Treado et al. [8] developed a dual-way injection-
locked pulsed-MGT power-combining system with a power-
combining efficiency of 92%. For industrial microwave use,
Zhang et al. [9] realized a power-combining system via
quasi-locking, which locked 2.45-GHz 1-kW MGTs with a
combining efficiency of above 92%. Liu et al. [10]-[12]
successfully developed the largest 2.45-GHz CW MGT system
for dual- and four-way power combining with combining
efficiencies constantly maintained over 90%. Park er al. [13]
achieved an efficiency of approximately 93% for a dual-
way MGT power-combining system with sideband noise sup-
pression. Lai et al. [14] implemented the frequency-searching
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Fig. 1. Simplified schematic of the proposed dual-way magnetron combining
system.

technique to achieve a phase-shifterless dual-way injection-
locked power-combining system with a combining efficiency
of above 94%. For WPT applications and to achieve beam
forming (spatial power combining), Chen et al. [15] developed
a 3.5-kW 2.45-GHz microwave transmission system based on
four master—slave phase-controlled MGTs. Yang et al. [16]
developed an active phased array using four 5.8-GHz MGTs
with an output power of 1.3 kW; beam scanning was first
achieved by the independent amplitude and phase control of
each MGT.

To guarantee high combining efficiency in an N-way sys-
tem, conventionally, N MGTs should be locked by implement-
ing N injection subsystems, and at least N — 1 MGT phases
should be simultaneously adjusted [8]-[16]. Nevertheless,
the phase of the combining output cannot be adjusted or main-
tained constant except when all the MGTSs’ phases are control-
lable in real time [16]. The near-carrier noises of the output
of a vacuum tube, such as flicker noise and unexpected low-
frequency perturbations, are more difficult to suppress. This is
because they are generated by the flatness and compositions
of a cathode’s coatings [17] and ripples from a bias [18].
In addition, slow time-varying perturbations deteriorate the
locking performance and cause phase jitters and frequency
chirps in the output of the injection-locked system [19], [20].

To simplify the power-combining system and improve the
output quality, we propose a novel power-combining system
with dual-way injection-locked MGTs based on an asymmetric
H-plane tee and closed-loop phase compensation (CLPC).
According to the theoretical derivation of the proposed
method, the correlations among the combining efficiencies,
phase differences, locking bandwidths, and coupling strengths
are theoretically analyzed, and the mechanism of noise inhi-
bition is theoretically explained. Moreover, we developed an
experimental system for validation. The simplified schematic
of the proposed dual-way MGT power-combining system is
presented in Fig. 1. Owing to the coupling between the input
branches of the asymmetric H-plane tee, MGT #2 can be
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Fig. 2. (a) Physical dimensions of the designed asymmetric H-plane tee.
(b) Power flow when the phase difference between the inputs is optimal in
the CST environment.

preliminarily synchronized by MGT #1. Both MGTs will
be simultaneously locked with the external reference signal,
whereas only MGT #1 is locked by an external injection.
The optimal power-combining efficiency is then obtained
using frequency tuning of the injected signal. Furthermore,
implementing only one CLPC subsystem can automatically
compensate for the phase fluctuation of the combined output.
Thus, the near-carrier noise of the combined output had a
strong suppression of more than 20 dB from 10 to 10° Hz,
and the phase jitter was limited to approximately £0.5°. The
quality of the combined output was almost identical to that
of the external reference signal, and the measured results
qualitatively agreed with the theoretical estimations.

II. ASYMMETRIC H-PLANE TEE

The asymmetric H-plane tee was designed using the
WR430 waveguide and an aluminum alloy; its cross-sectional
dimensions are presented in Fig. 2(a). The characteristics of
asymmetry were introduced and determined by optimizing the
position and length of the metal plane, which is symbolized
in Fig. 2(a) by a red block. The modeling and electro-
magnetic simulation were accomplished using CST Studio
Suite®software, as shown in Fig. 2(a) and (b).

The simulation and measurement results of the scat-
tering parameters and phase differences are shown in
Fig. 3(a) and (b), respectively. Let us focus on the mea-
sured data at 2.45 GHz. |S;3| and |Sp3| are —3.18 and
—2.94 dB, respectively, and |S,;| equals —4.47 dB, which
is approximately 1.5 dB higher than the standard H-plane
tee [9]-[12], [14]. |S1:1| and [Sx| equal —7.39 and —7.80 dB,

Authorized licensed use limited to: SICHUAN UNIVERSITY. Downloaded on January 08,2025 at 12:39:06 UTC from IEEE Xplore. Restrictions apply.



CHEN et al.: LOW-NOISE DUAL-WAY (MGT) POWER-COMBINING SYSTEM

2]
o
~ . .
— —|S,,[_sim. ——|S, |_meas.------ [S,,|_sim. —>—S_ | _meas.
A 12 [Sy;|_sim. —>—S, | _meas. —-—-~ [S,;|_sim. ——S | meas. {
L= - -[S,|_sim. ——S, |_meas. ~~ -~ [S ;| _sim.—~—[S ;| _meas.
XX

1
2.40

2.35 2.45 2.50 2.55
Frequency (GHz)
(a)

' ? U OOV A,
2025 :._.-.-._.-.r._.-; ...... 4: .......... ~~~~~~~~~~ ]
180.0 777777777 1
§ 157.5 .
51350 F —-=--Phase(S,,)_sim.—Phase(S,,)_sim. 4
,.8 112.5 - - = - = Phase(S,,)_meas. —Phase(S,,)_meas. ]

° — - —Phase(S,;)_sim.—Phase(8S,,)_sim.
% 90.0 - Phase(S ;) _meas.—Phase(S,,)_meas. ]
= 675r b

[a W
45.0 + E
225F = 3
0.0
2.35 2.40 2.45 2.50 2.55
Frequency (GHz)
(®)
Fig. 3. Simulated and measured asymmetric H-plane tee. (a) Scattering

parameters. (b) Phase differences.

respectively, which indicates a decrease of about 1.5 dB from
the standard H-plane tee. |Ss3| of Port #3 is —15.22 dB.
The phase difference between S,; and Sy, is Phase(Sy;) —
Phase(S») = 198.50°, and that between Sj3 and S»3 is
Phase(S13) — Phase(S»3) = 29.38°. A comparison of the
measured and simulated results is presented in Table 1. The
deviations between the measured scattering parameters and
simulated results were caused by fabrication error and a slight
mismatch of the waveguide connections; however, such errors
are small and acceptable.

Additionally, the power flow in the simulated environment is
shown in Fig. 2(b), where the maximum combining efficiency
of the asymmetric H-plane tee is 97.4% at the input setup of
Ppon#l = Ppon#27 Phase(Sl3)—Phase(Sz3) = 27.22°.

III. THEORETICAL ANALYSIS

As depicted in Fig. 1, when an H-plane tee is used as a
power combiner, its signal streams can be determined from
the following scattering matrix:

|S11led® |SialePr [Si3]ed

[Vi] = [STuree[ViT] = | 18211772 |Snaled® |Sy3]eie

|S31le/ 72 |Sxle/ 0
Vet
x | |V, |e/® (D)

2269

TABLE I

COMPARISON OF THE SIMULATED AND MEASURED
RESULTS AT 2.45 GHz

Parameter Simulation Measurement
1S3 -3.10dB -3.18 dB
[S23] -3.10dB -2.94 dB
[Sa1] —4.90 dB —4.47 dB
[Sii] -7.31dB -7.39 dB
[Sa| -7.32dB -7.80 dB
[S33] —17.11dB -15.22dB
Phase(S,1) — Phase(S2,) 208.59° 198.50°
Phase(S;3) — Phase(S»;) 27.22° 29.38°

where ViJr and V,;~ are the input and output voltages, respec-
tively; a;, fi, xi» and (; are the phases of the H-plane tee
combiner; and 6; is the phase of the input signal. The formula
for the output signals is

Vi VlJr |S11|€j(a1+01) + V2Jr |Slz|ej(/31+t92)
Vo | = | (V]IS0 1e/ Bt 4 (VS| |Syled et | (2)
Vi VF| 18311670t 4V F| | S3y] e/ @0

Obviously, V" and V, are the mutual coupling voltages;
however, V,~ will be absorbed by the dummy load #1 in
the proposed system. The power-combining efficiency in the
H-plane tee is determined as follows:

[[ViT|1S51] + | V5T | ISsa e @—rater=tn]?
Vl+2 + V2+2 .

Heombiner = 100% X
(3)

Next, we consider the characteristics of the asymmetric
H-plane tee of the proposed power-combining system. Three
locking conditions are of interest in this study.

A. Coupling Injection-Locking Condition

V, is considered the signal injected into MGT #2 when
external injection is absent. Then, the injection ratio of the
coupling is determined as follows:

[Vit[1Sa]
v
When coupling injection-locking (CIL) occurs, the steady

locking condition [21], [22] can be determined using

o = + |Spp e/ 2 TR, @)

261

Sill(ez — 91) (5)

W] — Wy =
ext

where w; and w, are the operating frequencies of MGT #1 and
MGT #2, respectively, and Q. is the external quality factor of
the MGT. For simplicity, we assume that the Q.y values of the
MGTs are the same. When locking occurs, the frequency of
MGT #2 is synchronized with that of MGT #1. Then, the phase
difference between the two inputs is deduced as follows:

y = sin™! 20x| Vi |x )
[ViH[1S21] + [V57[ 1822l cos(az — B2 + y)

In the transcendental (6), y = 6, — 6 and x = (w; — @;)/
;. Ideally, the values of Qcx, |521], [S22], and a,— f, are
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determined by the practical components and are perceived to
be constants. If the input strengths are equal, that is, |V1+| =
|V,'|, ¥ can be altered only by varying x.

B. EIL After Preliminary CIL

As MGT #2 preliminarily synchronized with MGT #I,
an external injection was applied to MGT #1 via a circulator.
The locking condition of MGT #1 is written as
W1 Pinj .
2Qext - ¢ (7)
where iy is the frequency of the reference signal and pjy; is
the external injection ratio that equals the square root of the
power ratio between the external reference and the output of
MGT #1, that is, Pinj = (Pinj/PMGT# 1)1/2. Additionally, ¢ is
the phase difference between the external reference and MGT
#1, that is, ¢ = 6ip;—0;. As CIL and external injection-locking
(EIL) occur simultaneously, the phase relationships are given
as follows:

iy — W] =

6 =C+06, (8)
Onj = C2 + 0 9)

where C; and C; are constants. Certainly, the variations in 6,
are determined by @i,;. Substituting (8) into (9), we obtain

0, = C; — Cy + Oyy. (10)

Equations (9) and (10) clearly explain how &, and 6,
are controlled simultaneously by the variations in ¢,;. Thus,
the phase of the coherent combined output will be fully
controlled by only one phase-controllable external injection.

Substituting (7) into (6), the x value in (6) is updated as
x" = (winj—w1)/w; when the preliminary CIL system is locked
by the frequency-tuning external reference signal. In addition,
the variation in 6, — 0, is valid only at the intersection of the
CIL and EIL bandwidths:

w161 w11 :|
~ ~ b a)l
2Qexl 2Qext

wlpinj CUlpinj
N|w, — , w1 + :| (1)
[ 2Qext 2Qexl

Within the overlapped locking region, the frequencies of the
MGTs will track the injected frequency as winj = @ = ws.
We assume that the preliminary CIL frequency is 2.4495 GHz
and that the input voltages are equal, that is, |V;"| = |V,"|.
Assuming that the external quality factor is 50, we used
the measured data of the designed asymmetric H-plane tee
presented in Table I to numerically calculate (3), (4), and (6).
The numerical results are shown in Fig. 4(a)—(c), in which
the colored bricks represent the scopes of phase adjustment
with different external injection ratios. The shadow-filled brick
symbolizes the invalid phase control region, where the injected
frequency is beyond the couple-locking bandwidth. These
results indicate the relationships among the phase differences
of the inputs, scope of frequency tuning, coupling injection
ratio, and combined efficiency of the asymmetric H-plane
tee. By considering a 0.1-dB insertion loss and y = 29.38°,
the optimal efficiency of the used asymmetric H-plane tee

Awyig = [601 -
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Fig. 4. Mapping relationships among the phase differences of the inputs,

(a) frequency sweep scope, (b) coupling injection ratio, and (c) combining
efficiency.

Nasym Teaches 97.7% at 2.4533 GHz when pi,; = 0.18.
If pinj = 0.09, the frequency-tuning scope is narrowed down,
and the phase-adjustable scope is insufficient for the optimal
combined efficiency, in which the maximum frequency can
reach only 2.4517 GHz. The extended frequency sweep (if
pinj = 0.27) will become invalid when the estimated EIL
bandwidth exceeds the CIL region, as indicated by the shadow-
filled brick in Fig. 4(a). Moreover, a higher p;,; broadens the
power control scope of the combined output power.
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C. Noise Suppression Contribution by Closed-Loop
Phase Compensation
Using the theory derived by Chang et al. [23], the injection-

locked MGT output noise level |5(9~0UT(CUm)|2 is written as
follows:

(0n/®348)°
2¢082 ¢ + (/@3 48)*
p?cos? ¢/
2¢os? ¢’ + (wm/w3aB)’
(12)

’fngUT (a)m) ’2 - yégMGT (a)m) ’2 P

+ |5ginj (a)m) |2
P

where 60ucr(wn) and 50,i(w,) are the noises of the free-
running MGT and reference signal, respectively; ¢’ is the
steady phase difference between the MGT’s output and the
reference signal; @y, is the frequency that migrated from
the carrier; and the locking bandwidth is 2pw3 gg.

As previously mentioned, MGT #2 was preliminarily locked
via coupling from MGT #1. We consider that the noise
levels of the two free-running MGTs are equal. Therefore,
the output noise of the CIL system cannot be improved based
on (12): 60w (wn) =60vcrs l(wm)~=59~MGT# 2(cwy,). Similarly,
the phase noise of the EIL output d6gy; (w,,) can be deduced by
substituting the phase noise of the external reference 5§inj (wm)
into (12).

In the CLPC system shown in Fig. 5(a), the mixer is used
as a phase detector. The intermediate-frequency (IF) output
signal of the mixer has a constant voltage when the RF inputs
(combined output) and local oscillator (LO) are coherent. The
ideal output voltage can be written as follows:

Vir = Vo cos(Brr — 61L0) (13)

where Vj is a constant determined by the internal network
characteristics of the mixer and the power levels of the inputs.

When near-carrier noise exists, low-frequency phase fluctu-
ation d6 occurs in the relative phase, and the IF output signal
can be rewritten as

Vip = Vo cos(0' + 0) (14)

where 0’ is a constant. Considering the frequency-domain
solution of (14) and ignoring the dc component, the unilateral
frequency-domain expression of (14) is written as 60ig(w,,).
In the noise flow of the closed-loop control system
[Fig. 5(b)], the ultimate noise level is deduced by superposing
the noises of each component in the feedback loop [24] when
the CLPC is turned on, and the system enters the equilibrium
condition. Then, the ultimate output noise is given by

00urr(wm)[1 + KipFL(s) Fp(s)]
= 60er(wn) + 6O (wn) FL(s) Fp(s)
+ [59L (o) + 60p (wm)] Fp(s)
+00rer () Fp (s).
In (15), Kig, Fr(s), and Fp(s) are the transfer functions
of the mixer, active low-pass filter, and analog phase shifter,
respectively; and 00rer(wy), 00 (wn), 0Ow(wn), 0p(wy),

and 60 (w,,) are the noises of the reference signal, EIL output,
IF output, phase shifter, and active low-pass filter, respectively.
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Fig. 5. (a) Configuration of the CLPC system. (b) Noise flow diagram of
the CLPC. (c) Schematic of the active low-pass filter.

In the proposed CLPC system, 5951L(wm) is unique and
is generated from the MGT. The IF output of the mixer
is extracted by phase comparison between the combined
and reference signals. Therefore, 5511:(60,,1) is proportional to
00k (wp), and o0, (wy,) and 00p (wy,) are introduced chiefly by
the perturbation of the corresponding bias and the nonlinearity
of the internal circuit. In addition, 55REp(wm) is independent
of 00g1 (W), 00p(w,), and 00y (w,,). Herein, the correlation

between these noises can be expressed as follows:
’59~E1L(60m) : 5919;:(60;")’ =S ’59EIL(wm) : KIFééEIL(wm)‘ (16)
0011 () L6Op (o) LOOL () LIOrer(om)

where S is the scaling factor determined by the attenuation
of the mixer and symbolizes the correlated strength between

Authorized licensed use limited to: SICHUAN UNIVERSITY. Downloaded on January 08,2025 at 12:39:06 UTC from IEEE Xplore. Restrictions apply.



2272

00 (w,) and 00gy (w,,). For simplicity, we assume that the
IF output of the mixer is linearly amplified by the active low-
pass filter to drive the ideal analog phase shifter. Therefore,
the ultimate phase noise can be written as follows:

|0GuLr(com)| ?
= |1 — H(s)P?|60en ()|

+ [F:(S)F;;(S) + FL(S)FP (S)]K]FS’59~E1L(Q),")‘2
11+ KipFL(s)Fp(s)?

~ ~ 2
591F(wm) ? 2 |5(9REF(a)m)|
+HHS? | ——=| +HSP ——  (17)
(s) Kip ®) | K Fr(s)]*
where
Hs) = K Fp(s)Fp(s)
1 =+ K[FFL(S)FP(S)
and
1
FL(S) — _ C1C2R1R2

25t (d+ %+ %) + aomm

The transfer functions of the mixer and analog phase shifter
are determined to be K =2x10~3 V/° and F,(s) = =K,/
(1 + sT), respectively. Here, K, = 30°/V is the phase
sensitivity, and 7 is the time constant at the typical level
of 100 ns. Both the initial phase noises followed the ideal
1/f? dependence [23], [24]: ]59MGT(wm)‘2= 27 - 10%/(wp)?
and lééinj (a)m)’z: 27 - 1072 /(wy,)?. Additionally, we omitted
the signal dispersion and the noises of the phase shifter and the
active low-pass filter in the following calculations. The value
of S is 0.25 (6-dB conversion loss of the used mixer). The
inverted active low-pass amplifier is schematically displayed
in Fig. 5(c). The parameters of the used components are given
as Ry =100 Q, R, =330 Q, R3 =470kQ, C; =C, =10
pF, C3 =200 uF, and L; = L, = 4700 uH. The phase noises
of the proposed system are then theoretically computed by
substituting the above parameters into (12) and (17).

In Fig. 6(a) and (b), when the locking conditions are
satisfied, which include the EIL condition and the CLPC, both
the phase noises will be suppressed. As shown in Fig. 6(a),
with the various piy; values, the phase noise curves follow the
curve of reference at the frequency band ranging from 10 to
10® Hz. When the frequency migrates from 10° to 10° Hz,
the noise level is gradually suppressed by increasing piy.
Considering the effect of CLPC [Fig. 6(b)], the noise levels are
further suppressed when the migrated frequency is lower than
1.28 MHz, which is the cutoff frequency of the active low-
pass filter, and the suppression is up to 11 dB. By increasing
the injection strength from 0.1 to 0.2, the noise level can be
suppressed, but the changes are not noticeable.

IV. EXPERIMENTAL SYSTEM

A block diagram of the dual-way microwave power-
combining system proposed in this article is shown
in Fig. 7(a). In the photograph of the system, as shown
in Fig. 7(b), two commercial CW 2.45-GHz MGTs
(2M167B-M32, Panasonic) are connected to the ports of the
H-branch of the asymmetric H-plane tee. Both the MGTs
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Fig. 6. (a) Characteristics of the relative output phase noise of

the free-running oscillator, external injection source, and EIL magnetron.
(b) Characteristics of the relative output phase noise of the free-running
oscillator, external injection source, and EIL magnetron when the CLPC is
activated.

are powered by economic power supplies (WepeX 1000B-TX,
Megmeet) with an improved anode voltage of approximately
1%. Additionally, the filament current can be switched off
to decrease the spurious noise of the free-running output.
A microwave source (E4421B, Agilent) and a power ampli-
fier (CA2450BW100-4547M-C, R&K) provide the reference
signal to inject MGT #1 via two circulators (WUC-022K8,
insertion loss: 0.3 dB at 2.45GHz, Nihon Koshuha). The
coupling power from Port #2 to Port #1 and the combined
power are absorbed by the dummy load, and the signal
information is sampled by the couplers. The power data are
measured using two power meters (A1914A, Agilent and
E4419B, Agilent). The spectra and phase noises are visualized
and recorded by a signal analyzer (N9010A, Agilent). The
phase jitter and the phase difference between the reference
signal and the combined signal are monitored and recorded
via a vector network analyzer (VNA) (E8722ES, Agilent).
The operating anode voltage and current are visualized using
an oscilloscope (TDS-3054, Tektronix) with a voltage probe
(P6015A, Tektronix) and a current probe module (TCP312A
and TPC A300, Tektronix).
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Fig. 7.

(a) Block diagram of the experimental system and (b) photograph of the experiment setup. Components and devices: (1) magnetron, (2) coupler,

(3) dummy load, (4) circulator, (5) asymmetric H-tee, (6) coaxial-to-waveguide converter, (7) magnetron’s power supply, (8) analog phase shifter, (9) manual
phase shifter, (10) active low-pass filter, (11) power sensor, (12) high-voltage probe, (13) current probe, (14) VNA, (15) signal analyzer, (16) oscilloscope,

(17) current amplifier, (18) power meter, (19) signal generator, (20) dc power

When both MGTs are locked by the external reference
signal, and the optimal combining efficiency is determined,
the phase of the combined output can be fully adjusted by
adjusting analog phase shifter #1 (PS-3-2450MHz, R&K,
0°-360° adjustment with the control voltage of 0 — 12 V).
To further stabilize the combined output, a CLPC subsys-
tem was used; the signal flow is marked by blue dashed
arrows in Fig. 7(a). The information for the phase per-
turbation was extracted from the IF output of a double-
balanced mixer (MX370, R&K), in which the compared
signal originated from the combined output (fed into the
RF port) and the reference signal (fed into the LO port).
The IF output feeds into an inverted active low-pass ampli-
fier (chip: LM358N, Texas Instruments) and controls analog
phase shifter #2 to compensate for the phase in time. To
keep the CLPC subsystem working in the equilibrium state,
a manual phase shifter (P1405, ATM) connects to the LO

supply, (21) 1-to-2 power divider, (22) power amplifier, and (23) mixer.

port to adjust the phase difference between the LO and RF
inputs.

V. RESULTS AND DISCUSSION

We first observed the output performance when MGT
#2 was affected by the coupling power from MGT #1 via the
asymmetric H-plane tee; the results are shown in Fig. 8. Under
the condition that another MGT was off, the free-running
frequencies of MGT #1 and MGT #2 were approximately
2.4497 [Fig. 8(a)] and 2.4396 GHz [Fig. 8(b)], respectively,
and their output powers were 870 and 810 W, respectively.
We kept the MGT #2 output power constant and gradually
varied that of MGT #1 from 200 to 870 W. When the
output power of MGT #1 equaled 200, 400, and 600 W,
the period-pulling products increased dramatically owing to
the insufficient locking conditions, as shown in Fig. 8(d)—(f),
respectively. The frequency components covered the entire
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Fig. 8. Spectra of the proposed system in different conditions. The resolution bandwidth is 3 kHz, and the video bandwidth is 3 kHz.

monitored frequency area, and the floor noise increased. The
system in this condition was useless because of its extremely
poor output. This spurious outcome causes unstable output
power and increases the risk of electromagnetic interference
with other electrical devices that operate at adjacent frequency
bands.

When the power of MGT #1 increased to 870 W, CIL
occurred by the coupling power from MGT #1. The out-
put frequency of MGT #2 was approximately 2.4497 GHz,
as shown in Fig. 8(g), but the noise was still distributed near
the carrier. The CIL technique demonstrated that the external
injection was unnecessarily applied [9]. Nevertheless, when a
noisy MGT is used to synchronize other MGTs, the locking
state is temporal, which creates intermodulation products and
dramatic fluctuations in the output [9], [15], [19], [20].

In the presence of a 2.45-GHz 10-W external reference
signal injected into MGT #1, EIL occurred, and the signal
quality was significantly improved, as shown in Fig. 8(h).

By tuning the injected frequency to 500-kHz intervals, we
optimized the combined power and the corresponding combin-
ing efficiency of the used asymmetric H-plane tee #ym. This

optimization of 7,sym is clear in Fig. 9(a). It is interesting
to note that the trend of the #.ym variation with respect
to the injected frequency was monotonic; high combining
efficiencies were obtained in the upper regions of the locking
bandwidth. The high injection ratio contributed to the wide
locking bandwidth of the combining system. The locking
bandwidth reached 6.1 MHz with 25-W injection power
(injection ratio pj,; near 0.17), but the bandwidth dropped to
1.0 MHz when the injection power was 1 W (pi,; near 0.03).
The locking ranges, power-adjustable scopes, and variation
in the combining efficiencies with different external injection
strengths are given in Table II; the maximum combined power
Peom and 7,5ym reached 1.58 kW and 95.7%, respectively.

In the case of the optimal #,ym (95.7%), the driven powers
of the MGTs were 1350 and 1340 W, respectively, as cal-
culated using the measured anode voltage and current of
the MGTs. Even with a low injection strength (e.g., 1 W),
the optimal combining efficiency still exceeded 90%. The
variations in #,sym and the output power of the two MGTs
in the presence of a 25-W external injection are shown
in Fig. 9(b). At the lower combining efficiency region, which
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Fig. 9. (a) Measured power-combining efficiency with respect to the varied
external injection frequency. (b) Power variations of two magnetrons and the
combining efficiency with respect to the tuned frequency.

TABLE 11
MEASURED DATA OF THE COMBINING OUTPUT

Pini Locking Scope of Scope of
Scope Peom Masym
(GHz) kW) (%)
0.034 2.4482-2.4492  1.45-1.52 87.1-93.0
0.076 2.4473-2.4497 1.37-1.53  80.1-95.0
0.107 2.4467-2.4503 1.36-1.55 79.5-94.5
0.131 2.4460-2.4506  1.24-1.57  69.7-95.7
0.152 2.4458-2.4509 1.26-1.58 70.4-95.5
0.170 2.4452-2.4511  1.12-1.58 60.3-95.0

ranged from 2.4452 to 2.4472 GHz, the detected output power
of MGT #2 dropped quite dramatically; however, that of MGT
#1 dropped only marginally. This phenomenon was caused
by the coupling power from MGT #1 to MGT #2 and was
transmitted along with the original power of MGT #2. This
implies that the received coupling power of MGT #2 decreased
upon increasing the injected frequency, which confirms our
theoretical prediction [see Fig. 4(b)]. Moreover, the results are
also in agreement with those reported in [25]-[27].

The maximum #,s;, value of the numerical calculation
closely approximated the prediction of the full-wave simula-
tion obtained using the CST software, at 97.4%. However,
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Fig. 10. Phase adjustment of the combining signal (a) when the EIL is turned
on and (b) when both the EIL and CLPC are turned on.

the measured maximum #,s, oOf the practical system was
slightly lower, at 95.7%, indicating a difference of only 2%.
Additionally, the simulated variation in #,s, With respect to
frequency tuning [Fig. 4(c)] was monotonic and qualitatively
agreed with the measurement results [Fig. 9(a)].

When the maximum combining efficiency was obtained at
the optimal frequency with an external injection power of
10 W, the analog phase shifter was activated by a dc voltage
ranging from O to 12 V with intervals of 1 V. The phase of the
combined output was then controlled by adjusting the phase
of only one external injection. The phase difference between
the reference signal and the combined output was monitored
using a VNA at a constant frequency. As shown in Fig. 10(a),
the phase control of the combined output was valid with a
scope of approximately 360°.

Fig. 8(h) shows that microphonic noise remained around the
carrier. As shown in Fig. 10(a), the time-varying components
in the phase were present when both MGTs were locked by the
external reference signal. These components were also clear
in the VNA; the phase jitter is shown in detail in Fig. 10(a)
at a resolution of 1601 samples in 80 ms, where the peak-to-
peak value of the phase jitter exceeded 20°. The corresponding
phase noise curves are plotted in Fig. 12(a). When EIL
occurred, the noise levels were significantly suppressed from
10 to 10° Hz. When the migrated frequency was increased
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to 107 Hz, the noise level was approximately equal to that of
the free-running condition. Nevertheless, the near-carrier noise
ranging from 10 to 10° Hz remained strong and could not be
inhibited by increasing the injection strength.

By activating the CLPC subsystem, the noise information
originating from the IF port of the mixer was inverted and
amplified to drive the analog phase shifter. Then, instanta-
neous compensation of phase fluctuation occurred, and the
phase difference was minimized when the CLPC reached the
equilibrium condition. As shown in Fig. 8(i), the near-carrier
frequency components were eliminated, and their spectra were
almost as sharp as the reference signal [Fig. 8(c)]. Fig. 10(b)
shows that the phase adjustment had high purity when the
CLPC was turned on. The peak-to-peak value of the phase
jitter was closely approximated to £0.5°, and the elimination
of phase perturbation was expressed by the suppression of the
phase noise.

As shown in Fig. 12(b), the noise level ranging from 10
to 10° Hz was almost entirely eliminated when the external
injection power was >5 W, and the maximum suppression
strength was more than 20 dB relative to the EIL condi-
tions. In the range of 10-10° Hz, the phase noise curve
of the proposed system’s combined output almost over-
lapped with that of the reference signal. The results show
strong purity in the MGT output, and the noise levels were
remarkable (e.g., —61.0 dBc/Hz at 10 Hz, —80.9 dBc/Hz at
100 Hz, —91.6 dBc/Hz at 1 kHz, —97.9 dBc/Hz at 10 kHz,
—113.9 dBc/Hz at 100 kHz, and —132.5 dBc/Hz at 1 MHz).
However, the changes in the output noise curves were Vir-
tually indistinguishable from one another when the injection
strengths were higher than 5 W. Under this condition, the pro-
posed system can act as an element phase-controlled source
for the phased-array application in which the element’s output
power exceeds the power limitation of a single MGT.

Fig. 11 shows a direct comparison of the 60-s recording
phase jitters. The phase jitter of the EIL condition was
dramatic, and the phase shift was visible. On the contrary, the
phase curve was stable as a straight line with the collaborative
operation of CLPC and EIL.
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In the above measurements, we investigated the noise
improvement of the power-combining system with the CLPC.
The EIL combined with the CLPC showed better output
phase-noise suppression than that using only EIL. However,
the measurement results cannot be directly compared with
the computed results, which are more distorted, as shown in
Fig. 12(a) and (b). The curves in Fig. 12(a) and (b) do not
follow the 1/f 2 dependence. Here, the simulations consider the
noise of only the MGT. Noises contributed by the nonlinearity
of the semiconductor in the active low-pass filter, mixer,
analog phase shifter, and RF power amplifier are inevitable
but are difficult to determine in our laboratory conditions.
Factors such as the frequency-pushing effect, thermal drift,
and perturbation of the load properties of the MGT system
are more computationally complicated. Nevertheless, the noise
was further suppressed at the near-carrier frequency band in
both the computed and measured results. More importantly,
it was possible to minimize the near-carrier frequency noises
using the customized design of the CLPC subsystem in the
injection-locked MGT system to achieve high stability. In that
case, the noise behaviors were as close to the reference
signal as possible. Additionally, the advantage of cost-saving is
significant when only one CLPC subsystem is used to improve
the dual-way MGTs simultaneously.
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TABLE IIT
COMPARISON OF OUR MAGNETRON POWER-COMBINING SYSTEM WITH THOSE IN OTHER STUDIES BASED ON DUAL-WAY S-BAND MAGNETRONS
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(FGr:IC;) Dini P?j;fb?ﬁ?;;i&iﬁie Phase jitter Phase noise ;(75/‘:; (5\‘;‘]‘)
+1.0° to £4.0° pulsed-type
[8] 283 022 N/A . . - 92.0
during the pulse period 49000
[9] 245 022 N/A - - 92.0 -
[10] 245 0.10 N/A +6.0° —50.0 dBc/Hz at 2 MHz 96.6 25.0
[11] 245 0.07 N/A +0.9° —65.0 dBc/Hz at 500 kHz 94.7 34.0
[13] 245 0.08 N/A +2.0° —35.0 dBc/Hz at 75 kHz 93.0 2.0
[14] 245 025 N/A - - 94.6 2.0
This —61.0 dBc/Hz at 10 Hz, —80.9 dBc/Hz
work 24 013 0°-360° almost £0.5° at 100 Hz, 91.6 dBc/Hz at 1 kHz ete. > 137

Table III gives a detailed comparison of the performances
of the proposed system with the other S-band dual-way
MGT power-combining systems. This is the first time that a
high-efficiency microwave power-combining system has been
developed with 0°-360° phase control in the combined output;
the systems developed in [8]-[11], [13], and [14] do not have
this capability. Furthermore, the phase jitter and phase noise
level of the proposed system are lower than those reported
n [8], [10], [11], and [13].

VI. CONCLUSION

We proposed and experimentally investigated a novel
microwave power-combining system with dual-way MGTs
using an asymmetric H-plane tee and a single CLPC. When the
asymmetric H-plane tee with asymmetric port characteristics
was used in the system to achieve coupling locking, both
MGTs were locked simultaneously using only one external
injection. Optimal power-combining efficiency was achieved
for the asymmetric H-phase tee using frequency tuning in the
external injection, in which the maximum power-combining
efficiency reached 95.7%. After the optimal combining effi-
ciency was secured, the combined output was phase-controlled
using only one phase shifter in which the control scope
was 0°-360°. To suppress the noise of the combined output,
a CLPC subsystem was designed and validated. The near-
carrier noise was largely eliminated, and the phase noise
curves were extremely consistent with the external injection.
Furthermore, the measurement results qualitatively agree with
the theoretical estimation.

In the future, we hope to extend our proposed method to
other high-power microwave source applications to further
improve the output purity and reduce the system complexity.
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