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Abstract

Theoretically, a 180 © or 90 © hybrid bridge can serve as
a variable power divider and combiner. This study focuses
on related theoretical research, selecting the Magic Tee and
3 dB bridge as the required 180 ° and 90 ° hybrid bridges.
Based on the scattering matrix of the four-port microwave
network, the relationships between input and output ampli-
tude and phase, the phase difference of the two output sig-
nals, and the influence of input amplitude or phase error on
the output signals are theoretically deduced. Simulations
are conducted, and the results match the theory, validating
its correctness. The variable power divider and combiner
have wide applications and are worthy of study.

INTRODUCTION

Waveguides are the primary choice for transmitting
high-power microwaves due to their high power capacity
and low transmission loss. The Waveguide Distribution
System (WDS) is widely used in areas like accelerators [1]
for the transmission, allocation, monitoring, and’absorp-
tion of high-power microwaves. The Variable Power Di-
vider (VPD) and Combiner (VPC) are_eonvenient fon
matching different power allocation scheines without alter-
ing the WDS layout [2], thus being widely adopted in high-
power WDS and worth researching.

The Magic Tee and 3dB bridge are commenly selected
as the 180 ° and 90 ° hybridfbridges to achieve VPD and
VPC functions. This paper details the theory regarding the
relationships -bétween, dnput' and output amplitude and
phase, thedphase difference of the two output signals, and
the influence of input amplitude orphase error on the out-
put signals.

THEORY OF THE MAGIC-TEE-BASED
VPD AND VPC

The Magic Tee is shown in Fig. 1, it is a four-port 180 °
hybrid bridge with'the following scattering matrix
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Theory of the VPD

Define port 3 and port 4 as input ports with signals
E; X sing; and E, X sing,. Let E and ¢ be the amplitude
and phase of the input signal respectively. Assume E; =
aXEy,E,=1,a €[0,+) and @5 = ¢, + 0, where a
and 6 are the magnitude ratio and phase difference of the
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two input signals at port 3 and porty4. Substituting these
conditions into Eq. (1), the output signals©f port 1 and port
2 are

acosf+1 . asinf.

Piout = —5 sing, + 7 coSQ, . 2)
acosf—1 4 asinf

Poout = —5 Ay, + G 0S¥ 3)

Matching probe

Figure 1: Structure and port definition of the Magic Tee.

So, the output magnitude ratio is

[Pioutl _  [a?+2acosf+1 (4)
1P2outl a2-2acosf+1 ’

Ifa =1, then
[Priouel  _ V1+cosf )
|Potal—out!  V1+cos@+Vi-cosf

If 6 € [0, 7], the value of Eq. (5) varies between [1,0].
This means that if one input signal is equally divided and
the two output signals are fed into port 3 and port 4 of the
Magic Tee after adjusting their phase difference from 0 to
7, output signals of any magnitude ratio can be obtained at
ports 1 and port 2, realizing the VPD function.

Influence of the Input Amplitude Error In practice, it
is difficult to achieve an ideal 1:1 magnitude ratio of the
two input signals at port 3 and port 4. Define the error of
deviation from a 1:1 ratio as 8, which can be positive or
negative, corresponding to a ratio larger or smaller than
1:1. Replacing the input magnitude ratio with 1 + 9§ in
Eq. (4) gives

(6)

IP1ouel _Jaz+zx(1+cose)x5+2x(1+cose)

IPaoutl | 62+2x(1—cos8)x8+2%(1—cos@)



Equation (6) shows the relationship between the output
magnitude ratio | P, ,,,¢|/|Pzous| @and the input phase differ-
ence 6 when the input magnitude ratio of the Magic Tee
deviates from 1:1 with an error of d, and can be used for
theoretical analysis and correction of measurement curves.

Phase Difference of the Two Output Signals For the
two output signals of port 1 and port 2 of the Magic Tee,
besides the output magnitude ratio, the phase difference is
also crucial. Assuming @ = 1 and 6 € (0, ), then sinf >
0. Substituting into Eq. (2) and (3) and calculating the
phase difference between port 1 and port 2 gives

Ay, —p,) = —arctan (%) + arctan (%) = g (7

Equation (7) indicates that the phase difference of the
two output signals remains constant as the output magni-
tude ratio changes.

Theory of the VPC

From Eq. (4), if§ =90 " or = 270", then cosf = 0
and |P; oyt |/ |Paout] = 1: 1. By setting the phase difference
of the two input signals to 90 ° or 270 ° and feeding them
to port 3 and port 4 of the Magic Tee, two output signals
with the same amplitude but different phases can be ob-
tained at port 1 and port 2. Adjusting them to the same
phase and using an equal power combiner can achieve the
VPC function, regardless of the input magnitude ratio.

Influence of the Input Phase Error Define the error of
phase deviation from 90 ° as ¢. Replacing the input phase
difference with 90 ° + ¢ in Eq. (4) gives

IPioutl _  [a?—2axsino+1 (8)
|Pout! a?+2axsing+14

Equation (8) shows the relationship between the output
magnitude ratio |P;yy¢l/|Paowe| and the inputdmagnitude
ratio a when the input phase difference of the Magic Tee
deviates from 90 ° with an etror of ¢, and can be used for
theoretical analysis and correction of measurement curves.

Phase Différence of the Two Output Signals The rela-
tionship between the phases of the two output signals at
port Land port 2 of the Magic Tee is,important for the final
combination of the two input signals. Assuming E; =
AXRENE, =1,a € (0,40), 03 = @4 +6 = ¢, +90°.
Substituting into Egf (2) and (3) and caleulating the phase
difference betweeén port 1 and port 2 gives

1
AQ@p,~p,) = —2 X arctan (;) . )}

Equation (9) mdicates that the phase difference of the
two output signals at port 1 and port 2 varies from —z to 0
as the input magnituderatio o varies from 0 to +oco.

THEORY OF THE 3DB-BRIDGE-BASED
VPD AND VPC

The 3dB bridge is shown in Fig. 2, it is a four-port 90 °

hybrid bridge with a scattering matrix as follows
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_-1{001;
~VzZ|j100
1j00

S (10)

Theory of the VPD

Define port 1 and port 2 as input ports with signals
E; X singp; and E, X sing, Assuming E; = a X

E, ,E, =1,a € [0,4+) and ¢, = @, + 0, where a and 0
are the magnitude ratio and phase difference of the two in-
put signals. Substituting into Eq. (10) gives

IPsoutl _  [a?—2asinf+1
|Paoutl a2+2asinf+1

(11)

Figure 2aStructure and port definition,of the 3dB bridge.

Ifa =1, then
[Psout| = V1-sind (12)
IPtotal—ouel ~ VA+SINO+V1-sind

If.0 € [—m/2,7/2], the value of Eq. (12) varies be-
tween [1,0]. This is the theoretical basis for realizing the
VPDbased on'the 3dB bridge, with a similar plan to that
of the Magie, Tee.

Influence of the Input Amplitude Error Define the er-
ror of deviation from an ideal 1:1 input magnitude ratio as
J. Replacing the input magnitude ratio with 1+6 in Eq. (11)
gives

(13)

Equation’(13) can be used for theoretical analysis and
correction of measurement curves considering measure-
ment errors.

Phase Difference of the Two Output Signals Assum-
inga=1and 6 € (—/2,1m/2), then cosd > 0, calcu-
lating the phase difference between port 3 and port 4 gives
) — arctan (HSIZQ) =0.(14)

cos

IP3outl _\/62+2><(1—sin9)><6+2><(1—sin9)

[Paouel | 82+2x(1+sin@)x5+2x(1+sind)

cos6

A@,—p,) = arctan (1 g

Equation (14) indicates that the phase difference of the
two output signals remains constant as the output magni-
tude ratio changes.

Theory of the VPC

From Eq. (11), if 6 = 0" or # = 180", then sinf =0
and | P34yt / | Paoue| = 1: 1. This is the theoretical basis for
realizing the VPC based on the 3dB bridge, with a similar
plan to that of the Magic Tee.

Influence of the Input Phase Error Define the error of
the phase deviation from 0 ° as o. Replacing the input
phase difference with ¢ in Eq. (11) gives

IP3outl _  [a?—2axsino+1
|Paoutl aZ+2axsing+1

(15)



Equation (15) is the same as Eq. (8), indicating that an
input phase error affects the output magnitude ratio in the
same way for both the Magic-Tee-based and 3dB-bridge-
based VPCs.

Phase Difference of the Two Output Signals The rela-
tionship between the phases of the two output signals at
port 3 and port 4 of the 3dB bridge is important for the final
combination of the two input signals. Assuming E; =
aXE,,E,=1,a € (0,4),¢p; = ¢, +0 = @,, calcu-
lating the phase difference between port 3 and port 4 gives

!
A@p,—p,) = arctan (az—a) (16)

Equation (16) indicates that the phase difference of the
two output signals varies from - /2 to /2 as the input
magnitude ratio o varies from 0 to +oo.

Relationship of the Output Phase Difference
Between the Magic-Tee-Based and 3dB-Bridge-
Based VPCs

Comparing Eq. (9) and (16) gives

1
AQp,—p,) = —2 X arctan (E)

SE—E

fua a?-1
- [n — —arctan (7)] 17
b a?-1
=—3 + arctan (7)
T
=—E+A(p(p3_p4), 0<<a <1
and
1 2 X 1
AQp,—p,) = —2 X arctan (E) = —arctan —{“2
1-(3)
4 . at—1
= arctan a
2_
= ——+arctan (a ) (18)
a>1

= 5 FAPm;p,)
Combining themygives
Y1
A(p(m—l”z) =3 + A‘p(ps—m) , =0 (19)

In summary, for the'3dB-bridge-based VPC, the phase
difference curve of its output ports shifts upward by 7/2
compared to that of the Magic-Tee-based VPC, while the
curve shape remains unchanged, as shown in Fig. 3.
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Figure 3: Output phase, difference curves of the 3dB-
bridge-béased and Magie-Tee-based VPCs.

All theoretical results derivedyfrom the equations in this
paper have beenwerified by software simulation, and the
results are in excellent agreement. Dueto space limitations,
the simdlation curves are not presented here.

CONCLUSION

The theoretical equations.of the VPD and VPC based on
thelMagic Tee,or 3dB bridge are derived, including the re-
lationships between input and output amplitude and phase,
the phase difference, of the two output signals, and the in-
fluence of mput amplitude or phase error on the output sig-
nals. The simulation results match the theory, validating its
correctness. These theoretical equations provide effective
guidance for actual fabrication and measurement.
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