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ABSTRACT An axially symmetric radial waveguide power divider, which utilizes a specific Cycloidal-
Like tapered transition between a central coaxial launcher and a radial waveguide, is presented in this
paper. In order to broad the operation band, the change of impedance of the coaxial to radial waveguide
transition is investigated, and an analytic expression for the shape of the transition is obtained. A simple
electromagnetic modeling for the stepped radial matching network is developed, and its characteristics are
analyzed in detail using the circuit method. Eventually, a stepped-by-stepped design procedure for the power
divider is established for the design of the radial waveguide power divider. A twenty-way radial waveguide
divider is designed, fabricated, and measured to validate the proposed method. The measurements show that
the return loss at the input port is better than 20 dB over almost the full Q-band (33 to 48 GHz), while the
amplitude/phase imbalance are within £0.5 dB and +3°, respectively. The simulated and measured results

demonstrate a high degree of agreement.

INDEX TERMS Broadband, coaxial waveguide, power divider, radial waveguide, taper transition.

I. INTRODUCTION

Recently, due to the rapid advancements of military and
commercial communication systems, there are increasingly
demand for broadband microwave and millimeter-wave high-
power solid-state amplifiers. Nevertheless, it is difficult for
the existing semiconductor technology to achieve a high
power levels that satisfy the system demand by an individual
solid-state device. Therefore, it is necessary to combine the
power of numerous devices efficiently to obtain a desired
output power [1], [2].

Various topologies of waveguide quasi-planar (e.g.,
waveguide T-junction, waveguide traveling wave power
divider) circuits have been recently proposed and have
proved their effectiveness in systems such as power amplifier
modules, antenna arrays, etc. [3]-[8]. However, it has to be
admitted that these configurations also have some unavoid-
able limitations, which are determined by the inherent char-
acteristics. For example, conventional tree-type combiners
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and chain-type combiners are not suitable for multiplexed
distribution, due to the long transmission paths that would
lead to ultra-high losses. In addition, the bulky device size
also limits its applications. In order to overcome these
drawbacks, radial power combiners have been developed and
widely investigated. It can be designed based on various
transmission waveguides that are axially symmetric, such as
coaxial waveguides [9]-[14], radial waveguides [15]-[22],
conical waveguides [23]-[26], and circular waveguides [27].
Owing to the inherent circularly symmetric configuration
and the advantage of single-step synthesis, radial com-
biners have low losses, compact dimensions, and better
amplitude and phase balance (compared to binary power
dividers).

Generally, a coaxial or circular waveguide providing a
circumferentially symmetric EM field excitation for the radial
power divider is the recommended solution. This is due to
the fact that the operating modes of these configurations
do not shift with angle and are quite accessible, such as
the TEO1 mode in circular waveguides [27], or TMO1 [28],
and the TEM mode in coaxial waveguides [29]. Then, the
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critical element for high-performance radial combiners is
the design of efficient transitions from these types of input
configurations to radial waveguides, which must contain
broadband characteristics, as well as robustness. Some
solutions for transitions have been reported, for example,
in [24], an X-band ten-way combiner with a constant
impedance transformed coaxial-tapered waveguide transition
was designed. The measured results show that the proposed
structure achieves 74% bandwidth with a return loss better
than 14.7 dB. In [10], a variety of coaxial structure combiners
with a tapered impedance transition are proposed with a
measured reflection coefficient of —15 dB covering and
bandwidth of 28% (center frequency of 14 GHz). In addition,
a general coaxial-tapered transmission line transition solution
is presented in [14] with a built-in impedance taper that
can be explicitly selected. It provides more freedom and
greater flexibility for impedance transformation between
tapered and differently sized coaxial lines. The method
was validated with a fabricated eight-way combiner with a
measured reflection coefficient better than —22 dB in the
frequency range from 1.5 GHz to 5.5 GHz. It is certain
that these radial combiners all obtain a wide bandwidth,
however, they are all based on coaxial or microstrip as
output, which limits the power capacity of the device to
some extent. Moreover, all these transitions operate only
in the lower bands (S, C-band [14], X-band [10], [24]).
For the millimeter band (over 30 GHz), the investigation
of impedance tapering structures with high robustness is
urgently needed because of the dramatic shrinkage of the
device size.

In this paper, a solution for radial power distribution based
on cycloidal impedance matching transition is proposed in
order to extend the application scenario of radial architecture.
The proposed new transition structure not only offers
broadband advantages, but is also shown to be insensitive to
dimensional changes. Completely, detailed design procedure
for the transition profile is given. Finally, a twenty-way
radial power combiner is designed and fabricated to validate
the proposed solution. Experimental results show that the
device demonstrates excellent performance in the frequency
range from 33 to 48 GHz (Q-band), including low loss, wide
bandwidth, etc., thus being potentially valuable in multi-way
synthesis devices.

Rest of the papers is organized as follows: the detailed
deduced procedures of the transition is introduced in
Section II. Based on the obtained transition, a Q-band
twenty-way radial waveguide power divider with a stan-
dard rectangular waveguide input/ouput is developed in
Section III. Considering that the dispersive environment
of the rectangular waveguide and the problem of radial
waveguide that the characteristic impedance against radial
distance, a stepped radial matching network is adopted
to achieve a wide-band impedance matching between the
radial waveguide input and the N rectangular waveguide.
The experimental results are detailed in Section IV. Finally,
a brief conclusion is given in Section V.
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FIGURE 1. Profile sketch of a multi-section coaxial to conical waveguide
transition with K = 3. The first section is colored green, the second
section is colored red, and the third section is colored blue. Each section
arc radii remain constant from the starting to the ending.

Il. DESIGN PROCEDURE FOR CYCLOIDAL-LIKE
IMPEDANCE TAPER TRANSITION

In general, to achieve broadband matching as well as high
power capacity, the coaxial-to-radial waveguide transition
section should preferably have a smooth profile and an easily
controllable impedance value. The proposed transition is
decomposed into two parts, the coaxial to conical waveguide
transition, and the conical to radial waveguide connection
part, respectively. A detailed profile of the former is shown
in Fig. 1, which is divided into K different arcs (K = 3 is
presented as an example in Fig. 1 for clarity).

Each k-th section is a smooth arc which remains a constant
radii from the start to the end. In addition, the adjacent
sections of the conductor are required that the geometry must
remain smooth within the transition. The joint points of the K
sections divide the transition into K + [ discrete impedance
levels which can be viewed as the conical transmission lines
with the starting angle (9,51)), and the ending angle (9,52)), k
=0, 1,..., K [(1), (2) refer to the inner conductor and the
outer conductor of the transition, respectively]. When k = 0,
the impedance of the conical waveguide (Oél) = 9(()2) =0)is
reduced into the starting coaxial waveguide impedance.

For the purpose of subsequent illustration, the implications
of some critical parameters are declared here. First note that
the angle of 0,22) is 90°, which is determined by the geometry
of the transition. Besides, the connection point at the end of
the k-th segment arc is defined as Tk(c) (¢ =1, 2). The tangent
line of the profile at Tk(c) is defined as / ,EC) , and the vertical line

of 1/ is marked as .. The total length of the transition is
considered to be equal to the length of the inner conductor
profile (denoted by S ,E l).).

A. DESIGN OF THE 1-ST SECTION
Since the first section of the coaxial to conical waveguide
transition is a coaxial waveguide with an inner conductor radii
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R1 and an outer conductor radii R2, the /-st section of the
transition is known as 0(]) = 9(2) 0. Therefore, the first
section can be determined once the ending angle 91(1) and 91(2)
are known. Considering that 91(1) and 91(2) are associated with
the conical waveguide characteristic impedance, an initial

value for 91(1) is assumed. Then, rfl) is determined as follows:

r) =20 (1
T 0

The impedance level Z; of the k-th section is calculated using
the conical waveguide characteristic impedance:

tan(6>/2)

Zy = 60In n——y
tan(@k /2)

@

Therefore, 91(2) can be determined when a desired impedance
Z is given, as:

81(2) = 2arctan[tan(01(1) /2)e' %1760, 3)

For the first arc of the transition, the center of the arcs must
be located at the x-axis. Then, the central coordinates 0(11)
and the connection point Tl(l) of the inner conductor can be
determined as:

o = ") = (" + R1,0) 4)
Tl(l) =(x (Tll),yrl)) =R + 2r§1)sm2(9(1)/2) r(l)sméf])).
&)

Based on the above, if 9{1) is given, then the expression of C
can be determined using (5).

Cr =y =y tan(w /2 — o). (©6)

Furthermore, according to the geometric relations of this
transition, it can be seen that the center coordinate of the outer
conductor satisfy the following equation:

[xranGe/2 = o) + €,

‘ @ _ R, ‘ - . %)
\/tanz(n/Z - 9](2)) +1

Therefore, integrate (5)-(7), the value of rl(z) can be

determined. Note that (7) has two roots, while only x§2) > Ry

is the desired one since 0(12) must locate at the right side of
(2
T,
2 2
r§)_xi)—R2 (8)

Analogously, the ending point Tl(z) of the /-st section arc of

the outer conductor is given as:
T = () y) = Ry + 2rsin® 0 /2), r{Psing}>).
©))

Hence, it can be seen that all the parameters of the /-st section
are deduced according to the (1)—(9) if the value of 0(1)
and § i ) are specified.
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B. DESIGN OF THE K-TH SECTION

Based on the above analysis, the relationship between 9,&1)
and 9,52) has been obtained. Then, the entire profile of the
coaxial to conical waveguide transition will be traced, simply
by determining either of these two values. Since 6,9 can only
take values in the range of 0° to 90°, it is easier to determine
its initial value than 0,51), which can be written specifically as

/2 — @

/2
o — o 1

k=D (10)

Then, (2) can be rewritten as (11) to obtain the value of 9,&1)
if the desired Zj is given.

tan(6> /2)

M
O (2 /60)

= 2arctan| ]. (11)
Using the value of 9,51) as well as the given length S,El) of
the transition, the k-th section arc radii of inner conductor is
deduced as

m_ S
= (12)
O =0
Since the distance from the 0(1) to Tk(l)1 is equal to the radii

! ), the center coordinate 0(1)(x,£1), ykl)) should satisfy the
f0110w1ng equations:

1 1 1 1
Ja? = 2 o) -y 2= (13)
(1 1 (1) ()
Yoo = Ay Ve TV
(14)
where x( ) . and ym are the ending point coordinates of

the (k-1 ) th section arc of the inner conductor. However, the
values of x,il) and ykl) are not completely determined by (13)
and (14), thus an additional condition should be added.

Since the point 0,(:) lain on the line l,(cl_)l, the follow
equation could be obtained.

y,({l) = x,({l)tan(n — 0,&1_)1) + b,(cl_)l, (15)
where
1 1 1
b =) —xf) tan(r —60)). (16)
Therfore, according to (13)-(16), the coordinate of

0,((1)( ,El), ykl)) can be calculated.

On the other hand, the ending point T(l)(x(Tl), yT)) of the
k-th section arc of the inner conductor can also be calculated
as follows:

Y o

AO —
x(le) = x,({]) + 2r(1)sm( k )cos( 5 k (1) D, a7
(1) (1)
AO AO
y(le) — (1) 4 2r (I)Sll’l( k )Sl ( > k (1) ) (18)
where
AQ,EI) — (1) 9(1) (19)
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Based on (10)-(19), the k-th section of the inner conductor is
uniquely identified once the value of 9,52) is given.

In order to fully define geometry of the transition, the k-th
section of the outer conductor should be discussed. According
to the geometry relationship shown in Fig. 1, the value of Cy
is obtained by

Cr = yy) — xip tan(r /2 — 6. (20)

Correspondingly, the line 1152) can be also determined.
According to the following conditions: (1) the distances of
the point 0,((2) to the line l,(c ) and the line ZIEZ—)l must be equal;

(2) the point 05{2) is located on the line L,Ez_)l ; (3) the point 05{2)
is seated at the upper right of the point TIEZ_)I, the location of
point 0,(62) is determined by following equation:

‘x,ﬁz)tan(n/Z — 9,52)) + Cr — y,(cz)‘

\/tanz(rr/Z -6 +1

2 2 2
’x,E )tan(n/2 - OIE_)I) + Cr—1 — y/({_)l‘

, (21)
Jian?Gr/2 62 )+ 1
2
2
= xlgz)tan(n — 9,52_)1) + b,(cz_)l, (22)
x?
2 2
>xp) Ly <y (23)
where
2 2 2 2
b =y —x? tan(r — 67). (24)

The k-th section arc radii of the outer conductor can be
calculated by

2 2 2 2 2
B = Jo® -2 2o 2 @)
Then, the point T,fz) (x(Ti), y(Tzk)) can also be obtain by rewritten
(17) and (18), as:

2 (2
Af T — A8
vy = 37 4 2r sin(—yeos(———— — 67} (26)
() 2
A6 T — A8
2 2 2. . 2
y(Tk) = y,(( )+ 2r,§ )sin( 2k )sin( 5 ko _ 9,&7)1) (27)

C. DESIGN OF THE LAST SECTION OF THE INNER
CONDUCTOR PROFILE
The previous section describes the design process of the
cycloidal-like transition from the coaxial waveguide to the
conical waveguide. This section will show the second part of
the transition, i.e., the connection of the conical waveguide
to the radial waveguide. This segment is necessary because
the rotation angle of the inner conductor at the output of the
conical waveguide is less than 90°, which leads to a non-
smooth connection at the end of the transition.

As shown in Fig 2, the conical to radial waveguide
connecting section is constructed by a smooth arc (last
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FIGURE 2. Profile sketch of a coaxial to radial waveguide transition. The
red arc is is constructed by the proposed method.

section), which the radii remain constant from the starting
angle 91(<1 ) to the ending angle 91(<14)rl' The ordinate of the
ending point xgjrl equal to x}?). According to the above

conditions, the center point of the arc can be given as

1 2

X, =x¢, (28)
1 2 1 1

Yoo = & tan( — 0 + b, (29)

the value of b%l) can be deduced from (16).
The radii rK]J)r , and the ending point TI((IJ)r | of the arc are
calculated as follows:

1 1 1 1 1
r,(@)rl = \/ (xﬁg)ﬂ - x(T,())2 + (y%ll - y(Tk))z, (30

O _ D @y _ D D &)
TK+] - (xTK+layTK+1) - (x]( 7yK+1 +rK+1)' (31)

Due to the introduction of the last section, the desired
output impedance of the coaxial to conical waveguide
transition is changed, and the actual output impedance is
obtained by the radial line characteristic impedance, as

Ah m
7z, = —
L 2r

) (32)
£r80
where ¢, is the relative permittivity of the dielectric, &g is
the permittivity of the vacuum, p is the permeability of the
dielectric, Ah is the height of the radial waveguide, and r is
the radial distant. In this case, Ak and r are calculated by

1 2
A=y =), (33)
r=axp. (34)

In fact, the value of Z; and Zk are only slightly different
while the angle 9,((1) is closes to 90° (has a low level).
Therefore, if Z; in (32) is substituted by Zg, the output height
can be controlled by adjusting the value of x(Ti), which is

determined by the value of 91(1) and 9,52).
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D. SUMMARY OF THE DESIGN PROCEDURE FOR THE
COAXIAL TO RADIAL WAVEGUIDE TRANSITION

From (1)-(34), it is clearly that the shape of the transition
can be fully defined if the value of 9{1) and 9,&2) are known.
However, the shape of transition is not unique according to
the impedance profile since of the value of 61(1) and 9,52)
aren’t unique. In fact, the majority of these transition isn’t
coincident with the desired impedance profile. The reason
is that the k-th section arc length of the outer conductor is
determined by the value of Hf ) and 0(2), and usually isn’t
equal to the desired length. Hence, an optimization algorithm
is proposed to obtain the value of 0{]) and 9(2),and the goal is

to minimize the follow error function:

M
Ay =Y (5" =P a0y, (35)
k=1

the value of 91( D and 9,52) are the optimization parameters.

Based on the above discussion, the design procedure of the

coaxial to radial transition is summarized as follows.

1) Choose an initial value for 91(1), as well as give the
desire Z; and S ,El).

2) Set k = 1, calculate the I-st section of the transition
using (1)-(9).

3) Calculate the initial 6‘,&2) and 9,51) using (10), (11), and
Z.

4) Setk =k + 1, calculate the k-th section of the transition
using (12)-(27).

5) Repeat the step 4) until k = M.

6) Calculate the last connecting section of the inner
conductor profile based on (28)-(34).

7) Use the numerical algorithm to minimize the value of
Ay by choosing the value of 91(1), and 0,52) repeatedly,
and repeat the step 2) to the step 7). Note that (10) is
not necessary expect for the first calculation.

IlIl. STRUCTURE AND ANALYSIS OF RADIAL WAVEGUIDE

POWER DIVIDER

Based on the aforementioned design method of the coaxial
to radial waveguide transition, a Q-band twenty-way radial
waveguide power divider for is analyzed and designed.
The sketch of the proposed radial waveguide power divider
is depicted in Fig. 3. The port numbering is shown in
Fig. 4. The divider consists of four sections, i.e: 1) the
rectangular to coaxial waveguide transition; 2) the impedance
tapered coaxial to radial waveguide transition; 3) the stepped
radial matching network; and 4) the N output rectangular
ports.

The input and output ports are all in standard rectangular
waveguide. The N rectangular output ports are placed at
periphery of the stepped radial matching network along the
radial direction, and the waveguide’s E-plane is perpendicular
to the central base axil. Besides, the stepped radial matching
network can be viewed as a multi-segment radial transmission
lines. The height of the network output is consistent with the
rectangular waveguide. Finally, the radius of the synthesis
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Rectangular to coaxial
waveguide transition

Coaxial to radial
waveguide transition

<— Input port

Stepped radial

matching network Output port

FIGURE 3. Sketch of a broadband radial waveguide power divider using a
novel taper transition.

FIGURE 4. Numbering of the ports of a twenty-way power
divider/combiner.

network needs to hold N rectangular ports, while also
ensuring that it is as small as possible to prevent propagation
of higher order modes. And the transition from the coaxial to
the radial waveguide is axially symmetric with respect to the
central base axis. It is also worth mentioning that each part of
the splitter is filled with air.

A. DESIGN EXAMPLE FOR THE COAXIAL-RADIAL
WAVEGUIDE TRANSITION

According to the design theory and procedure introduced
earlier in Section II, an coaxial to radial waveguide transition,
which the inner and outer conductor radii for the coaxial
waveguide is fixed to 0.35 mm and 1.1 mm, respectively,
is designed. The given tapered impedance profile is shown
in Fig. 5. The calculated results of the transition are
summarized in Table 1. It should note that the red point is the
actual output impedance of the coaxial to radial waveguide
transition.

The simulated reflection coefficients based on the ideal
transmission line model in the circuit by a given impedance
level are shown in Fig. 6. In addition, using the results
in Table 1, the simulation results of the 3D electromag-
netic model of the coaxial to radial waveguide transition
constructed in Ansoft High Frequency Structure Simula-
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FIGURE 5. Impedance variation curves in the design example (red dots

refer to the calculated actual output impedance of the coaxial to radial
waveguide transition).

TABLE 1. Calculated information for the example transition.

I
0 0 0 / / 0.35 0 1.1 0
1 3.27 9.35 6.61 9.11 0.36 0.38 1.22 1.48
2 4.7 12.15 1555 41.65 0.39 0.76 1.6 3.48
3 5.88 13.97 19.85 0 0.43 1.17 1.6 3.48
4 7.54 16.08 23.89 45.15 0.51 1.86 2.03 5.09
5 9.73 18.47 28.13  9.56 0.67 2.92 2.15 5.47
6 1234  21.14 315 3993 094 4.33 2.78 7.22
7 14.62 2345 33.01 7.11 1.25 5.61 2.89 7.48
8 17.59 2656 32.85 35.27 1.72 7.24 3.7 9.22
9 20.68 29.89 3123 9.08 2.27 8.83 3.95 9.68
10 | 23.87 3346 28.68 2932 288 10.31 4.9 11.23
11 30.67 4129 24.13 10.3 4.19 1286  5.76  12.35
12 | 38.17 50.06 1835 16.58 5.55 1484  7.57 14.12
13 | 46.51 59.67 13.7 5.13 6.89 16.31 8.27 14.62
14 | 60.57 7499 9.73 9.82 8.8 1772 10.69 15.63
15 | 75.82 90 7.08 3.82 10.55 1842 11.68 15.76

last 90 / 4.62 / 11.68 18.56 / /

—— Circuit Model by Given Impedance
- === Circuit Model Including Actual Impedance
--=--Full-wave by EM Model

-104
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i
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[
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o
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S
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P
o
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S
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FIGURE 6. Comparision reflection coefficients of circuit model and
full-wave simulated.

tor (HFSS) are included in the figure. It can be seen that the
curves obtained a highly consistent.

Based on the calculated joint points of each section of
the transition in Table 1, the profiles of the inner and outer
conductor are fitted by the numerical method. An analytical
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O Joint Points of Each Section
—— Profiles Based on Given Equation| |

x-axis (mm)

FIGURE 7. Calculated joint points of each section for the transition and
the depicted profiles by the given (36).

F: 1 X
— I-r— R

FIGURE 8. Dimensional schematic of the coaxial-radial waveguide
tapering transition constructed based on (36).

express of the shape is obtained as follows:

(36)

where r; is the horizontal radii of the curves, /; is the vertical
height of the curves, and R refer to inner and outer conductor
radii of the coaxial waveguide.

In this case, the dimensions of the outer conductor profile
are as follows: r; = 12 mm, R = 1.1 mm, A, = 15.8 mm.
For the inner conductor, 4; = 18.645 mm, R = 0.35 mm, and
keeping the r, fixed. The comparison between the profiles
given by the above equation and the calculated joint points
is depicted in Fig 7. Obviously, the given equation agree
well with the calculated transition profiles. Therefore, the
analytical express of the shape is a universal mode since
the profile of the transition is deduced strictly based on the
impedance matching theory.
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FIGURE 9. Tolerance analysis of the proposed transition (keeping R; =
0.35 mm, R2 = 1.1 mm). (a) r¢. (b) h¢.(c) Ah.

We have performed a robustness analysis of the proposed
coaxial-radial waveguide transition. Some critical dimen-
sions (e.g., 71, hy Ah in Fig. 8) were parametrically swept
in HFSS to show their effects on the reflection coefficient.
The simulation results are shown in Fig. 9, and it can be
seen that the proposed transition has a strong tolerance
performance. Its input reflection coefficient is insensitive to
the variation of physical dimensions. When the length of the
transition is selected appropriately, the reflection coefficient
can be kept at a lower level (around 20 dB) in the range of
25 to 60 GHz with an assembly error of 10 mm. The above
characteristics can reduce the requirement for transition
processing accuracy. This is necessary in the millimeter band,
because the device size has been shrunk to the mm-level.
In addition, the results of these analyses reveal a potential
advantage of the transition. Namely, when it is applied to a
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FIGURE 10. Stepped radial matching network comprising the N peripheral
rectangular waveguide. (a) Three-dimensional view. (b) Side view.

synthesizer, the variation of its radius has little effect on the
transmission performance, which makes it simple to design
larger discs (corresponding to combinations with a larger
number of ways). Based on the deduced generic impedance
taper variation relationship, the taper profile can be quickly
resolved when designing new synthesizers without the need
to reuse the optimization of the 3-D EM simulator, which can
significantly save design time.

B. THE STEPPED RADIAL MATCHING NETWORK AND
PERIPHERAL RECTANGULAR WAVEGUIDE PORTS

The electromagnetic wave from the coaxial to radial
waveguide transition is fed into the stepped radial matching
network, and stimulates the desired TMyp-mode in the radial
waveguide. Then, it is equally distributed to the peripheral
N rectangular waveguides (WR-22: a = 5.69 mm, b =
2.845 mm). To suppress the higher order modes, the total
radius of the matching network should be kept as small as
possible, which can be specified by the following equation

a

T 2 sin (Ilv)

R 37

In our design, N = 20, Rr = 18.21 mm.

The stepped radial matching network (comprising the N
peripheral rectangular waveguide) can be modeled as a N+/
ports power division network with port S being a circular
face at r = r;. Ports 1 to N being rectangular waveguide ports,
as shown in Fig. 10(a). In the previous analysis, we have
known that the admittance at coaxial to radial waveguide
transition out port is Y;;, = 1/Z. Then, to obtain a perfect
impedance match between the stepped network and the radial
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THC

PHC

FIGURE 11. Schematic diagram of the simple electromagnetic model of
the proposed power divider.

Port-0

Port-1

(@)

Port-0

Port-1

(b)

FIGURE 12. (a) Simplified two-port network with stepped matching
element. (b) Simplified two-port network without the stepped matching
element.

waveguide, the admittance at the port S* must be satisfied:
Youw = Gout +jBout = ;:1 (38)

The simple electromagnetic model of the N-way stepped
matching network is depicted in Fig. 11. Further, considering
the radial symmetry of the power divider, the N+I-port
network can be simplified to a two-port network for analysis,
as shown in Fig. 12(a). Besides, to explain the operation
principle of the network, an analogous network without the
stepped matching have been given, as show in Fig. 12(b). The
electromagnetic simulator HFSS was employed to simulate
these two simplified networks, and the normalized input
conductance of port-0 can be written as:

. 1 — Soo
Yo = Go +/jBo = 1T Soo (39

where Soo is input reflection scattering parameter at port-
0. Then, the condition of perfect matching is required to
satisfy Go = 1 and By = 0. However, parasitic inductance
is inevitably induced at waveguide discontinuities, therefore,
some capacitive steps are used in the radial matching network
to achieve a reactance value of 1 at port 0. Consequently,
broadband impedance matching can be achieved by optimiz-
ing the number and dimensions of the matching steps.

The optimized dimensions of the stepped radial matching
network as follows: H;y = 1.926 mm, H, = 2.091 mm,
H; = 2.679 mm, L; = 1.280 mm, L, = 3.235 mm, and
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FIGURE 13. Simulated result comparison of two simplified two-port
networks. (a) Input admittance of port-0. (b) Reflection coefficient at
port-0. (c) Transmission coefficient.

L3 =4.513 mm. Fig. 13(a) shows the input admittance curves
of the simplified two-port network. It can be seen that a
flatter trend of the input admittance is achieved by adding
a matching step, furthermore, the real and imaginary parts
are stabilized around 1 and 0, respectively. In addition, the
S-parameters shown in Fig. 13(b) and (c) indicate that the
transmission efficiency of the two-port network is found to
be significantly improved due to the addition of stepped
matching elements.

C. COAXIAL TO RECTANGULAR WAVEGUIDE TRANSITION

To facilitate the application and measurement of millimeter
wave systems, a transition from a coaxial waveguide to a
standard rectangular waveguide is designed here, as shown
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TABLE 2. Comparison with the radial power dividers reported over recent years.

Years/References Output type Output way Frequency range/Bandwidth Return loss Insertion loss Amplitude/Phase imbalance Robustness
2009/[10] Microstrip 10 11.5-16 GHz/30% 15dB 0.8 dB +1 dB/£5 deg Not available
2012/[13] Coaxial waveguide 8 520-1860 MHz/112% 12dB 0.4 dB +0.2 dB/£1 deg Not available
2014/[23] Coaxial waveguide 10 7.4-12 GHz/46% 18 dB 0.28 dB +0.6 dB/=£3 deg Not available
2016/[14] Coaxial waveguide 1.52-5.64 GHz/115% 22 dB 0.22dB +0.2 dB/£1.5 deg Not available
2018/[31] Coaxial waveguide 4 7.8-10.3 GHz/28% 18 dB 0.2dB +0.15 dB/£1.5 deg Not available
2019/[32] Rectangular waveguide 10 11-13 GHz/16.7% 25dB 0.3dB 40.3 dB/£0.45 deg Not available
2021/[33] Ridge waveguide 5 3-5 GHz/50% 10 dB 0.5dB +0.2 dB/£0.5 deg Not available
2021/[33] Ridge waveguide 5 2.17-8.49 GHz/117% 15dB 0.8 dB 40.3 dB/£2.5 deg Not available
2021/[34] Rectangular waveguide 30 32-38 GHz/17% 15dB 1dB +0.5 dB/£10 deg Not available
2021/[35] Rectangular waveguide 32 124-146 GHz/16.3% 10dB 1.37dB -/- Not available
This work Rectangular waveguide 20 33-48 GHz/37% 20 dB 0.2dB +0.4 dB/£3 deg High

M4 Short-Circuit Coaxial Probe 0 0.0

Termination -5
4-0.1
10 ——5s11
a ——S21 8
T -0.2 g
Port 1 — -
[0} w
1 1 1 1 1 1

(a)

l— 1D

4
hb; a
i I hb;

Lc

Ry
(b)

FIGURE 14. Transition structure of rectangular waveguide to coaxial
waveguide. (a) Configuration. (b) Dimensional Parameters.

in Fig. 14. Specifically, the probe of the coaxial waveguide is
inserted into the rectangular waveguide and is perpendicular
to its E-plane. In addition, to prohibit the propagation of
higher order modes within the transition, the radii of the inner
and outer conductors of the coaxial waveguide should satisfy
the following relationship, i.e:
Ri+Ry <c/nfy. (40)
where c is the light velocity, and fy is the maximum operation
frequency. In our design, Ry = 1.1 mm, R, = 0.35 mm, and
L. = 2 mm. The optimized dimensions of the transition are
Ly = 1.779 mm, r, = 0.493 mm, hb; = 0.257 mm, and
hby = 1.110 mm. The simulation results of the transition are
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34 36 38 40 42 44 46 48 50
Frequency (GHz)

FIGURE 15. Optimized S-parameter of the rectangular to coaxial
transition.

Base block

Upper plate

FIGURE 16. Prototype of a twenty-way waveguide power divider
fabricated using CNC technology.

shown in Fig. 15, which shows better than 15 dB return loss
and less than 0.2 dB insertion loss from 33 to 50 GHz.

D. SUMMARY OF THE STEP-BY-STEP DESIGN

PROCEDURE

After the above analysis, the general design procedure can be

summarized in the following specific steps.

1) Depending on the expected power divider application

frequency range and (40) to determine the input
and output rectangular waveguide dimensions (a, b),
as well as coaxial waveguide dimensions (R1, R»).
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FIGURE 17. Simulated and measured reflection coefficient at the input
rectangular port.

2) Based on the set number of power distribution paths N,
the radius of the radial waveguide is selected according
to (37).

3) Design the appropriate transition from coaxial to radial
waveguide according to the approach discussed in
Section II.

4) The N41 port network is simplified to a two-port
matching network, and then the dimensions of the
stepped structure are optimized to match the input
admittance over the operating frequency range (Go =
1, Bo = 0).

5) Construct the transition from coaxial to rectangular
waveguide, optimizing its dimensions to achieve the
desired bandwidth and reflection coefficient.

6) Analyze the entire power divider with a field simulator
to get the S-parameters at all the ports.

IV. MEASUREMENT RESULTS AND DISCUSSION

A prototype of a twenty-way radial waveguide power divider
was fabricated, as shown in Fig. 16. Specifically, the power
divider was simply divided into two aluminum plates (a lid
and a base), which were implemented by a conventional CNC
split-block fabrication process. The overall dimensions of the
prototype are 106 mm x 106 mm x40 mm.

The manufactured twenty-way power divider prototype
was measured using an Agilent’s vector network analyzer.
Fig. 17 shows the simulated and measured input return
loss of the power divider. It can be seen that the measured
20 dB-based return loss covers almost the entire Q-band
(from 33 GHz to 48 GHz), which is in good agreement
with the simulated results. The measured transmission
characteristics of the fabricated power divider are shown in
Fig. 18 (amplitude and phase are included). The results show
that the average insertion loss is around 13.2 dB (including
13-dB power dividing inserting loss), and a maximum
amplitude imbalance of £0.4 dB and a phase imbalance
of £3° are achieved in the frequency range of 33-48 GHz.

Table 2 provides a summary which shows the comparison
of the work presented in our article with some representative
radial power dividers that have been published in recent
years. First of all, it can be seen that many investigations
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FIGURE 18. Measured transmission coefficient of the divider for all the
twenty ports. (a) Amplitude. (b) Phase. (c) Amplitude imbalance.
(d) Phase imbalance.

and developments of radial combiners are directed towards
their operational bandwidth. In particular, the structures
proposed in [13], [14] and [33], respectively, have relative
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bandwidths even exceeding 100%. It owes to the radial
transition configuration of its broadband on one hand and to
the specificity of the output type (dominant mode is TEM
mode or quasi-TEM mode) on the other hand. However, the
extreme pursuit of bandwidth comes at the cost of degrading
the power handling capability of the device, as it is difficult
to adapt to high power applications, regardless of whether
coaxial waveguides, microstrip lines or ridge waveguides are
used as outputs. In addition, since these output configurations
require additional assembly, this may lead to the fact that
these radial synthesis solutions will suffer higher losses due to
misalignment, etc., especially when the operating frequency
increases to millimeter band. As can be seen from the table,
most broadband radial combiners are concentrated in lower
frequency bands, generally below the X -band.

On the other hand, some radial power synthesis solutions
focusing on millimeter-wave applications have also been
reported recently, as shown in Table 2. For example,
in [34], a configuration for 30-way radial synthesis operating
in the 32-38 GHz range was implemented by a proper
combination of a rectangular waveguide Y-junction and a
circular waveguide radial power divider. And in [35], a
32-way radial synthesizer was attained based on a simple
coaxial-radial waveguide transition, which operates in the D-
band. However, measurements on the sample showed that
the former was found to have £10° phase imbalance, while
the latter suffered an insertion loss of up to 1.37 dB. This is
mainly due to the lack of robustness of these devices, i.e.,
their RF performance is greatly affected by manufacturing
tolerances and their severity.

The above comparison illustrates that the 20-way power
divider with fully rectangular waveguide output proposed
in this paper has good overall performance (covering
the entire Q-band bandwidth, very low losses, and good
amplitude/phase imbalance). In particular, it shows excellent
robust performance in the range of millimeter waves, which
is mainly attributed to the specially designed cycloidal-like
transitions.

V. CONCLUSION

In this paper, a novel cycloidal-like taper transition from
coaxial to radial waveguide is proposed. Detailed, transition
profile curves have been synthesized in elaboration, which
is based on the essential idea of impedance matching. The
transition has several excellent properties, such as high power
capacity (smooth profile), ultra-broadband, and excellent
robustness. This makes it well suited for applications in
millimeter-wave high-power multiplexed power synthesis
networks. Therefore, a wideband twenty-way waveguide
power divider was designed, fabricated, and measured to
validate the proposed solution. Experimental results show
that the fabricated prototype achieves very low insertion loss
and good amplitude phase characteristics across the entire
(Q-band as expected. In addition, it is worth mentioning that
the proposed method is potentially scalable to more power

VOLUME 10, 2022

synthesis, which only requires the design of a larger radius
transition structure.
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