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This article may be too technical for most readers to understand. Please help improve it to make it understandable to non-experts, without removing the technical details. (December 2016) (Learn how and when to remove this template message) A waveguide rotary joint is used in microwave communications to connect two different types of RF
waveguides. Because coaxial parts are symmetrical in g direction, free rotation without performance degradation is accomplished. In the rotating part, electrical continuity is achieved by A/4-chokes eliminating metal contacts. The Rotary Joints can have both waveguide ports at a right angle to the rotational axis, "U-style", one waveguide port at a
right angle and one in line, "L-style" or both waveguide ports in line. "I-style". Waveguide Rotary Joint modules are available for all frequency bands. [1] References ©~ www.ecplaza.net "WAVEGUIDE ROTARY JOINTS" Retrieved from " A Waveguide Joint is the high power connection between the rotating part and the stationary part of a radar and
satcom system.

Because coaxial parts are symmetrical in g direction, free rotation without performance degradation is accomplished. In the rotating part, electrical continuity is achieved by A/4-chokes eliminating metal contacts. The Rotary Joints can have both waveguide ports at a right angle to the rotational axis, "U-style", one waveguide port at a right angle and
one in line, "L-style" or both waveguide ports in line.

Waveguide Rotary Joint modules are available for all frequency bands. [1] References ©~ www.ecplaza.net "WAVEGUIDE ROTARY JOINTS" Retrieved from " A Waveguide Joint is the high power connection between the rotating part and the stationary part of a radar and satcom system. The basic design for the Everaxis Waveguide Rotary Joints is two
waveguide to coaxial transitions with a coaxial line in between. This coaxial part is symmetrically circular, allowing for free rotation without affecting performance. The inner conductor of the coaxial line is usually hollow, allowing further coaxial cables to be put through the wave guide part and to be used with the coaxial modules when building multi-
channel Rotary Joints. The Rotary Joints can have both waveguide ports at a right angle to the rotational axis (“U-style”), one waveguide port at a right angle and one in line (“L-style” or” F-style”) or both waveguide ports in line (“I-style”). Waveguide Rotary Joint modules are available from EVERAXIS on most frequency bands from L-band to Ku-band,
including double ridge bands. Used in microwave communication applications, a waveguide rotary joint allows one part to be rotated while connected to a fixed part. An example is a rotating radar antenna In the moving parts, the electrical continuity is achieved using A/4-chokes which do away with metal contacts. Waveguide rotary joint facilitates
the continuous and regular flow of radio frequency with low insertion loss and well enhanced power-handling capabilities. Waveguide rotary joint is used in all the high-frequency transmission systems like satellite communication, radars, air traffic control, and surveillance systems. Different waveguide rotary joints are available which can handle
various frequency ranges up to 40 GHz. Top-quality waveguide rotary joint are now available with very low VSVR -voltage standing wave ratio- and low insertion loss. Waveguide rotary joint can be custom designed to suit different applications. The most common mechanical configurations of the waveguide rotary joints are; U-style-where both the
ports are at a right angle to the rotation axis, L-style-where one port is at a right angle to the rotating axis. I-style-both transmission lines are in straight lines. F-Style-One port at right angle rotates and the in-line port is fixed into housing. These configurations bring versatility and freedom electrical connections. Raditek Inc. offers all types of
Waveguide rotary joints check out their website. Radio technology devices A 10 dB 1.7-2.2 GHz directional coupler.

From left to right: input, coupled, isolated (terminated with a load), and transmitted port. A 3 dB 2.0-4.2 GHz power divider/combiner. Power dividers (also power splitters and, when used in reverse, power combiners) and directional couplers are passive devices used mostly in the field of radio technology. They couple a defined amount of the
electromagnetic power in a transmission line to a port enabling the signal to be used in another circuit.

An essential feature of directional couplers is that they only couple power flowing in one direction.

Because coaxial parts are symmetrical in g direction, free rotation without performance degradation is accomplished. In the rotating part, electrical continuity is achieved by A/4-chokes eliminating metal contacts. The Rotary Joints can have both waveguide ports at a right angle to the rotational axis, "U-style", one waveguide port at a right angle and

one in line, "L-style" or both waveguide ports in line. "I-style". Waveguide Rotary Joint modules are available for all frequency bands. [1] References ~ www.ecplaza.net "WAVEGUIDE ROTARY JOINTS" Retrieved from " A Waveguide Joint is the high power connection between the rotating part and the stationary part of a radar and satcom system. The
basic design for the Everaxis Waveguide Rotary Joints is two waveguide to coaxial transitions with a coaxial line in between. This coaxial part is symmetrically circular, allowing for free rotation without affecting performance. The inner conductor of the coaxial line is usually hollow, allowing further coaxial cables to be put through the wave guide part
and to be used with the coaxial modules when building multi-channel Rotary Joints. The Rotary Joints can have both waveguide ports at a right angle to the rotational axis (“U-style”), one waveguide port at a right angle and one in line (“L-style” or” F-style”) or both waveguide ports in line (“I-style”). Waveguide Rotary Joint modules are available from
EVERAXIS on most frequency bands from L-band to Ku-band, including double ridge bands. Used in microwave communication applications, a waveguide rotary joint allows one part to be rotated while connected to a fixed part. An example is a rotating radar antenna In the moving parts, the electrical continuity is achieved using A/4-chokes which do

away with metal contacts.

This coaxial part is symmetrically circular, allowing for free rotation without affecting performance. The inner conductor of the coaxial line is usually hollow, allowing further coaxial cables to be put through the wave guide part and to be used with the coaxial modules when building multi-channel Rotary Joints.

In the rotating part, electrical continuity is achieved by A/4-chokes eliminating metal contacts. The Rotary Joints can have both waveguide ports at a right angle to the rotational axis, "U-style", one waveguide port at a right angle and one in line, "L-style" or both waveguide ports in line. "I-style".

Waveguide Rotary Joint modules are available for all frequency bands. [1] References ©~ www.ecplaza.net "WAVEGUIDE ROTARY JOINTS" Retrieved from " A Waveguide Joint is the high power connection between the rotating part and the stationary part of a radar and satcom system. The basic design for the Everaxis Waveguide Rotary Joints is two
waveguide to coaxial transitions with a coaxial line in between. This coaxial part is symmetrically circular, allowing for free rotation without affecting performance.

The inner conductor of the coaxial line is usually hollow, allowing further coaxial cables to be put through the wave guide part and to be used with the coaxial modules when building multi-channel Rotary Joints. The Rotary Joints can have both waveguide ports at a right angle to the rotational axis (“U-style”), one waveguide port at a right angle and
one in line (“L-style” or” F-style”) or both waveguide ports in line (“I-style”). Waveguide Rotary Joint modules are available from EVERAXIS on most frequency bands from L-band to Ku-band, including double ridge bands. Used in microwave communication applications, a waveguide rotary joint allows one part to be rotated while connected to a fixed
part. An example is a rotating radar antenna In the moving parts, the electrical continuity is achieved using A/4-chokes which do away with metal contacts. Waveguide rotary joint facilitates the continuous and regular flow of radio frequency with low insertion loss and well enhanced power-handling capabilities. Waveguide rotary joint is used in all the
high-frequency transmission systems like satellite communication, radars, air traffic control, and surveillance systems. Different waveguide rotary joints are available which can handle various frequency ranges up to 40 GHz. Top-quality waveguide rotary joint are now available with very low VSVR -voltage standing wave ratio- and low insertion loss.
Waveguide rotary joint can be custom designed to suit different applications. The most common mechanical configurations of the waveguide rotary joints are; U-style-where both the ports are at a right angle to the rotation axis, L-style-where one port is at a right angle to the rotating axis. I-style-both transmission lines are in straight lines. F-Style-
One port at right angle rotates and the in-line port is fixed into housing.

These configurations bring versatility and freedom electrical connections. Raditek Inc. offers all types of Waveguide rotary joints check out their website. Radio technology devices A 10 dB 1.7-2.2 GHz directional coupler. From left to right: input, coupled, isolated (terminated with a load), and transmitted port. A 3 dB 2.0-4.2 GHz power
divider/combiner. Power dividers (also power splitters and, when used in reverse, power combiners) and directional couplers are passive devices used mostly in the field of radio technology. They couple a defined amount of the electromagnetic power in a transmission line to a port enabling the signal to be used in another circuit. An essential feature
of directional couplers is that they only couple power flowing in one direction. Power entering the output port is coupled to the isolated port but not to the coupled port. A directional coupler designed to split power equally between two ports is called a hybrid coupler. Directional couplers are most frequently constructed from two coupled transmission
lines set close enough together such that energy passing through one is coupled to the other. This technique is favoured at the microwave frequencies where transmission line designs are commonly used to implement many circuit elements. However, lumped component devices are also possible at lower frequencies, such as the audio frequencies
encountered in telephony. Also at microwave frequencies, particularly the higher bands, waveguide designs can be used. Many of these waveguide couplers correspond to one of the conducting transmission line designs, but there are also types that are unique to waveguide. Directional couplers and power dividers have many applications. These
include providing a signal sample for measurement or monitoring, feedback, combining feeds to and from antennas, antenna beam forming, providing taps for cable distributed systems such as cable TV, and separating transmitted and received signals on telephone lines. Notation and symbols Figure 1. Two symbols used for directional couplers The
symbols most often used for directional couplers are shown in figure 1. The symbol may have the coupling factor in dB marked on it. Directional couplers have four ports. Port 1 is the input port where power is applied. Port 3 is the coupled port where a portion of the power applied to port 1 appears. Port 2 is the transmitted port where the power
from port 1 is outputted, less the portion that went to port 3.

Directional couplers are frequently symmetrical so there also exists port 4, the isolated port. A portion of the power applied to port 2 will be coupled to port 4. However, the device is not normally used in this mode and port 4 is usually terminated with a matched load (typically 50 ohms). This termination can be internal to the device and port 4 is not
accessible to the user. Effectively, this results in a 3-port device, hence the utility of the second symbol for directional couplers in figure 1.[1] Figure 2.

Symbol for power divider Symbols of the form; P a, b {\displaystyle P {\mathrm {a,b} }\ } in this article have the meaning "parameter P at port a due to an input at port b". A symbol for power dividers is shown in figure 2. Power dividers and directional couplers are in all essentials the same class of device. Directional coupler tends to be used for 4-
port devices that are only loosely coupled - that is, only a small fraction of the input power appears at the coupled port. Power divider is used for devices with tight coupling (commonly, a power divider will provide half the input power at each of its output ports - a 3 dB divider) and is usually considered a 3-port device.[2] Parameters Common
properties desired for all directional couplers are wide operational bandwidth, high directivity, and a good impedance match at all ports when the other ports are terminated in matched loads. Some of these, and other, general characteristics are discussed below.[3] Coupling factor The coupling factor is defined as: C3,1=10log (P3P1)dB
{\displaystyle C_{3,1}=10\log {\left({\frac {P_{3}}{P {1} }}\right)}\quad {\rm {dB}}} where P1 is the input power at port 1 and P3 is the output power from the coupled port (see figure 1). The coupling factor represents the primary property of a directional coupler. Coupling factor is a negative quantity, it cannot exceed 0 dB for a passive device,
and in practice does not exceed —3 dB since more than this would result in more power output from the coupled port than power from the transmitted port - in effect their roles would be reversed. Although a negative quantity, the minus sign is frequently dropped (but still implied) in running text and diagrams and a few authors[4] go so far as to
define it as a positive quantity. Coupling is not constant, but varies with frequency. While different designs may reduce the variance, a perfectly flat coupler theoretically cannot be built. Directional couplers are specified in terms of the coupling accuracy at the frequency band center.[5] Loss Figure 3. Graph of insertion loss due to coupling The main
line insertion loss from port 1 to port 2 (P1 - P2) is: Insertion loss: Li2,1 =—-10log (P2 P 1) d B {\displaystyle L. {i2,1}=-10\log {\left({\frac {P_ {2} }{P {1}} }\right)}\quad {\rm {dB}}} Part of this loss is due to some power going to the coupled port and is called coupling loss and is given by: Couplingloss: Lc2,1=-10log (1 -P3P1)dB
{\displaystyle L {c2,1}=-10\log {\left(1-{\frac {P_{3}}{P {1}} }\right)}\quad {\rm {dB}}} The insertion loss of an ideal directional coupler will consist entirely of the coupling loss. In a real directional coupler, however, the insertion loss consists of a combination of coupling loss, dielectric loss, conductor loss, and VSWR loss.

Depending on the frequency range, coupling loss becomes less significant above 15 dB coupling where the other losses constitute the majority of the total loss. The theoretical insertion loss (dB) vs coupling (dB) for a dissipationless coupler is shown in the graph of figure 3 and the table below.[6] Insertion loss due to coupling Coupling Insertion loss
dB dB 3 3.006 1.25 10 0.458 20 0.0436 30 0.00435 Isolation Isolation of a directional coupler can be defined as the difference in signal levels in dB between the input port and the isolated port when the two other ports are terminated by matched loads, or: Isolation: 14,1 = - 10log (P4 P 1) d B {\displaystyleI {4,1}=-10\log {\left({\frac {P {4}}
{P_{1}}}right)}\quad {\rm {dB}}} Isolation can also be defined between the two output ports.

In this case, one of the output ports is used as the input; the other is considered the output port while the other two ports (input and isolated) are terminated by matched loads. Consequently: 13,2 = —10log (P 3P 2 ) d B {\displaystyle I {3,2}=-10\log {\left({\frac {P_{3}}{P {2}} }\right)}\quad {\rm {dB}}} The isolation between the input and
the isolated ports may be different from the isolation between the two output ports. For example, the isolation between ports 1 and 4 can be 30 dB while the isolation between ports 2 and 3 can be a different value such as 25 dB. Isolation can be estimated from the coupling plus return loss. The isolation should be as high as possible. In actual couplers
the isolated port is never completely isolated. Some RF power will always be present. Waveguide directional couplers will have the best isolation.[7] Directivity Directivity is directly related to isolation. It is defined as: Directivity: D3 ,4 =—-10log (P4P3)=—-10log (P4P1)+ 10log (P3P 1)d B {\displaystyle D {3,4}=-10\log {\left({\frac
{P_{4}}{P {3} }}\right)}=-10\log {\left({\frac {P_{4}}{P {1}}}\right)}+10\og {\left({\frac {P_{3}}{P {1} }}right)}\quad {\rm {dB}}} where: P3 is the output power from the coupled port and P4 is the power output from the isolated port. The directivity should be as high as possible. The directivity is very high at the design frequency and is a
more sensitive function of frequency because it depends on the cancellation of two wave components. Waveguide directional couplers will have the best directivity. Directivity is not directly measurable, and is calculated from the addition of the isolation and (negative) coupling measurements as:[8]D 3,4 =14,1 + C 3, 1 d B {\displaystyle

D {3,4}=I {4,1}+C {3,1}\quad {\rm {dB}}} Note that if the positive definition of coupling is used, the formula resultsin: D 3,4 =14,1 - C 3, 1 d B {\displaystyle D {3,4}=I {4,1}-C {3,1}\quad {\rm {dB}}} S-parameters The S-matrix for an ideal (infinite isolation and perfectly matched) symmetrical directional coupler is given by, S=[ 0Ttk 0
TO0KKO0O0TOKTO ] {\displaystyle \mathbf {S} ={\begin{bmatrix}0&\tau &\kappa &0\\\tau &0&0&\kappa \\\kappa &0&0&\tau \\O&\kappa &\tau &0\end{bmatrix}}} t {\displaystyle \tau \ } is the transmission coefficient and, k {\displaystyle \kappa \ } is the coupling coefficient In general, T {\displaystyle \tau \ } and k {\displaystyle \kappa \ }
are complex, frequency dependent, numbers. The zeroes on the matrix main diagonal are a consequence of perfect matching - power input to any port is not reflected back to that same port. The zeroes on the matrix antidiagonal are a consequence of perfect isolation between the input and isolated port. For a passive lossless directional coupler, we
must in addition have, Tt~ + k Kk - = 1 {\displaystyle \tau {\overline {\tau }}+\kappa {\overline {\kappa }}=1} since the power entering the input port must all leave by one of the other two ports.[9] Insertion loss is related to T {\displaystyle \tau\ } by; L(dB) = —20log | t| {\displaystyle L(\mathrm {dB} )=-20\log [\tau |\ } Coupling factor is
related to k {\displaystyle \kappa \ } by; C(d B ) =201log | k| {\displaystyle C(\mathrm {dB} )=20\log |\kappa |\ } Non-zero main diagonal entries are related to return loss, and non-zero antidiagonal entries are related to isolation by similar expressions. Some authors define the port numbers with ports 3 and 4 interchanged. This results in a
scattering matrix that is no longer all-zeroes on the antidiagonal.[10] Amplitude balance This terminology defines the power difference in dB between the two output ports of a 3 dB hybrid. In an ideal hybrid circuit, the difference should be 0 dB.

However, in a practical device the amplitude balance is frequency dependent and departs from the ideal 0 dB difference.[11] Phase balance The phase difference between the two output ports of a hybrid coupler should be 0°, 90°, or 180° depending on the type used.

However, like amplitude balance, the phase difference is sensitive to the input frequency and typically will vary a few degrees.[12] Transmission line types Directional couplers Coupled transmission lines Figure 4. Single-section A/4 directional coupler The most common form of directional coupler is a pair of coupled transmission lines. They can be
realised in a number of technologies including coaxial and the planar technologies (stripline and microstrip). An implementation in stripline is shown in figure 4 of a quarter-wavelength (A/4) directional coupler. The power on the coupled line flows in the opposite direction to the power on the main line, hence the port arrangement is not the same as
shown in figure 1, but the numbering remains the same. For this reason it is sometimes called a backward coupler.[13] The main line is the section between ports 1 and 2 and the coupled line is the section between ports 3 and 4. Since the directional coupler is a linear device, the notations on figure 1 are arbitrary. Any port can be the input, (an
example is seen in figure 20) which will result in the directly connected port being the transmitted port, the adjacent port being the coupled port, and the diagonal port being the isolated port. On some directional couplers, the main line is designed for high power operation (large connectors), while the coupled port may use a small connector, such as
an SMA connector. The internal load power rating may also limit operation on the coupled line.[14] Figure 5. Short section directional couplerFigure 6. Short section directional coupler with 50 QQ main line and 100 Q coupled line Figure 7. Lumped-element equivalent circuit of the couplers depicted in figures 5 and 6 Accuracy of coupling factor
depends on the dimensional tolerances for the spacing of the two coupled lines. For planar printed technologies this comes down to the resolution of the printing process which determines the minimum track width that can be produced and also puts a limit on how close the lines can be placed to each other. This becomes a problem when very tight
coupling is required and 3 dB couplers often use a different design. However, tightly coupled lines can be produced in air stripline which also permits manufacture by printed planar technology. In this design the two lines are printed on opposite sides of the dielectric rather than side by side. The coupling of the two lines across their width is much
greater than the coupling when they are edge-on to each other.[15] The A/4 coupled-line design is good for coaxial and stripline implementations but does not work so well in the now popular microstrip format, although designs do exist. The reason for this is that microstrip is not a homogeneous medium - there are two different mediums above and
below the transmission strip. This leads to transmission modes other than the usual TEM mode found in conductive circuits. The propagation velocities of even and odd modes are different leading to signal dispersion. A better solution for microstrip is a coupled line much shorter than A/4, shown in figure 5, but this has the disadvantage of a coupling
factor which rises noticeably with frequency. A variation of this design sometimes encountered has the coupled line a higher impedance than the main line such as shown in figure 6. This design is advantageous where the coupler is being fed to a detector for power monitoring. The higher impedance line results in a higher RF voltage for a given main
line power making the work of the detector diode easier.[16] The frequency range specified by manufacturers is that of the coupled line. The main line response is much wider: for instance a coupler specified as 2-4 GHz might have a main line which could operate at 1-5 GHz. The coupled response is periodic with frequency. For example, a A/4
coupled-line coupler will have responses at nA/4 where n is an odd integer.[17] A single A/4 coupled section is good for bandwidths of less than an octave. To achieve greater bandwidths multiple A/4 coupling sections are used. The design of such couplers proceeds in much the same way as the design of distributed-element filters. The sections of the
coupler are treated as being sections of a filter, and by adjusting the coupling factor of each section the coupled port can be made to have any of the classic filter responses such as maximally flat (Butterworth filter), equal-ripple (Cauer filter), or a specified-ripple (Chebychev filter) response. Ripple is the maximum variation in output of the coupled
port in its passband, usually quoted as plus or minus a value in dB from the nominal coupling factor.[18] Figure 8. A 5-section planar format directional coupler It can be shown that coupled-line directional couplers have 1 {\displaystyle \tau \ } purely real and k {\displaystyle \kappa \ } purely imaginary at all frequencies.

This leads to a simplification of the S-matrix and the result that the coupled port is always in quadrature phase (90°) with the output port. Some applications make use of this phase difference. Letting k =ik I {\displaystyle \kappa =i\kappa {\mathrm {I} }\ } , the ideal case of lossless operation simplifies to,[19] T2 + k2 =1 {\displaystyle \tau
~{2}+{\kappa {\mathrm {I} }}~{2}=1\ } Microstrip directional coupler on the output of a local oscillator on a spectrum analyser PCB. Microstrip sawtooth directional coupler Branch-line coupler Figure 9. A 3-section branch-line coupler implemented in planar format The branch-line coupler consists of two parallel transmission lines physically
coupled together with two or more branch lines between them.

The branch lines are spaced A/4 apart and represent sections of a multi-section filter design in the same way as the multiple sections of a coupled-line coupler except that here the coupling of each section is controlled with the impedance of the branch lines.

The main and coupled line are 2 {\displaystyle \scriptstyle {\sqrt {2} }} of the system impedance. The more sections there are in the coupler, the higher is the ratio of impedances of the branch lines. High impedance lines have narrow tracks and this usually limits the design to three sections in planar formats due to manufacturing limitations. A



similar limitation applies for coupling factors looser than 10 dB; low coupling also requires narrow tracks. Coupled lines are a better choice when loose coupling is required, but branch-line couplers are good for tight coupling and can be used for 3 dB hybrids. Branch-line couplers usually do not have such a wide bandwidth as coupled lines. This style
of coupler is good for implementing in high-power, air dielectric, solid bar formats as the rigid structure is easy to mechanically support.[20] Branch line couplers can be used as crossovers as an alternative to air bridges, which in some applications cause an unacceptable amount of coupling between the lines being crossed. An ideal branch-line
crossover theoretically has no coupling between the two paths through it. The design is a 3-branch coupler equivalent to two 3 dB 90° hybrid couplers connected in cascade. The result is effectively a 0 dB coupler. It will cross over the inputs to the diagonally opposite outputs with a phase delay of 90° in both lines.[21][22] Lange coupler The
construction of the Lange coupler is similar to the interdigital filter with paralleled lines interleaved to achieve the coupling. It is used for strong couplings in the range 3 dB to 6 dB.[23] Power dividers Figure 10. Simple T-junction power division in planar format The earliest transmission line power dividers were simple T-junctions. These suffer from
very poor isolation between the output ports - a large part of the power reflected back from port 2 finds its way into port 3. It can be shown that it is not theoretically possible to simultaneously match all three ports of a passive, lossless three-port and poor isolation is unavoidable. It is, however, possible with four-ports and this is the fundamental
reason why four-port devices are used to implement three-port power dividers: four-port devices can be designed so that power arriving at port 2 is split between port 1 and port 4 (which is terminated with a matching load) and none (in the ideal case) goes to port 3.[24] The term hybrid coupler originally applied to 3 dB coupled-line directional
couplers, that is, directional couplers in which the two outputs are each half the input power. This synonymously meant a quadrature 3 dB coupler with outputs 90° out of phase. Now any matched 4-port with isolated arms and equal power division is called a hybrid or hybrid coupler. Other types can have different phase relationships. If 90°, it is a 90°
hybrid, if 180°, a 180° hybrid and so on. In this article hybrid coupler without qualification means a coupled-line hybrid.[25] Wilkinson power divider Figure 11. Wilkinson divider in coaxial format Main article: Wilkinson power divider The Wilkinson power divider consists of two parallel uncoupled A/4 transmission lines. The input is fed to both lines in
parallel and the outputs are terminated with twice the system impedance bridged between them. The design can be realised in planar format but it has a more natural implementation in coax - in planar, the two lines have to be kept apart so that they do not couple but have to be brought together at their outputs so they can be terminated whereas in
coax the lines can be run side-by-side relying on the coax outer conductors for screening. The Wilkinson power divider solves the matching problem of the simple T-junction: it has low VSWR at all ports and high isolation between output ports.

The input and output impedances at each port are designed to be equal to the characteristic impedance of the microwave system.

This is achieved by making the line impedance 2 {\displaystyle \scriptstyle {\sqrt {2}}} of the system impedance - for a 50 Q system the Wilkinson lines are approximately 70 Q[26] Hybrid coupler Coupled-line directional couplers are described above. When the coupling is designed to be 3 dB it is called a hybrid coupler. The S-matrix for an ideal,
symmetric hybrid coupler reducesto; S=12[0—-i—-10-i00—-1-100-1i0 -1 —1i0] {\displaystyle \mathbf {S} ={\frac {1}{\sqrt {2} }}{\begin{bmatrix} 0&-i&-1&0\-i&0&0&-1\\-1 &0&0&-i1\\0&-1&-i&0\end {bmatrix} } } The two output ports have a 90° phase difference (-i to —1) and so this is a 90° hybrid.[27] Hybrid ring coupler Figure 12.
Hybrid ring coupler in planar format The hybrid ring coupler, also called the rat-race coupler, is a four-port 3 dB directional coupler consisting of a 3A/2 ring of transmission line with four lines at the intervals shown in figure 12. Power input at port 1 splits and travels both ways round the ring. At ports 2 and 3 the signal arrives in phase and adds
whereas at port 4 it is out of phase and cancels. Ports 2 and 3 are in phase with each other, hence this is an example of a 0° hybrid. Figure 12 shows a planar implementation but this design can also be implemented in coax or waveguide. It is possible to produce a coupler with a coupling factor different from 3 dB by making each A/4 section of the
ring alternately low and high impedance but for a 3 dB coupler the entire ring is made 2 {\displaystyle \scriptstyle {\sqrt {2}}} of the port impedances - for a 50 Q design the ring would be approximately 70 Q.[28] The S-matrix for this hybrid is givenby; S=12[0—-i—-i0—-100i—-i00—-1i01i—10 ] {\displaystyle \mathbf {S} ={\frac {1} {\sqart
{2} }}{\begin{bmatrix} 0&-i&-i&0\\-i&0& 0 &i\\-1&0&0&-i\\0&i&-i&0\end {bmatrix} } } The hybrid ring is not symmetric on its ports; choosing a different port as the input does not necessarily produce the same results. With port 1 or port 3 as the input the hybrid ring is a 0° hybrid as stated. However using port 2 or port 4 as the input results in a 180°
hybrid.[29] This fact leads to another useful application of the hybrid ring: it can be used to produce sum (X) and difference (A) signals from two input signals as shown in figure 12.

With inputs to ports 2 and 3, the X signal appears at port 1 and the A signal appears at port 4.[30] Multiple output dividers Figure 13. Power Divider A typical power divider is shown in figure 13. Ideally, input power would be divided equally between the output ports. Dividers are made up of multiple couplers and, like couplers, may be reversed and
used as multiplexers. The drawback is that for a four channel multiplexer, the output consists of only 1/4 the power from each, and is relatively inefficient. The reason for this is that at each combiner half the input power goes to port 4 and is dissipated in the termination load. If the two inputs were coherent the phases could be so arranged that
cancellation occurred at port 4 and then all the power would go to port 1. However, multiplexer inputs are usually from entirely independent sources and therefore not coherent. Lossless multiplexing can only be done with filter networks.[31] Waveguide types Waveguide directional couplers Waveguide branch-line coupler The branch-line coupler
described above can also be implemented in waveguide.[32] Bethe-hole directional coupler Figure 14. A multi-hole directional coupler One of the most common, and simplest, waveguide directional couplers is the Bethe-hole directional coupler. This consists of two parallel waveguides, one stacked on top of the other, with a hole between them. Some
of the power from one guide is launched through the hole into the other. The Bethe-hole coupler is another example of a backward coupler.[33] The concept of the Bethe-hole coupler can be extended by providing multiple holes. The holes are spaced A/4 apart. The design of such couplers has parallels with the multiple section coupled transmission
lines. Using multiple holes allows the bandwidth to be extended by designing the sections as a Butterworth, Chebyshev, or some other filter class. The hole size is chosen to give the desired coupling for each section of the filter. Design criteria are to achieve a substantially flat coupling together with high directivity over the desired band.[34] Riblet
short-slot coupler The Riblet short-slot coupler is two waveguides side-by-side with the side-wall in common instead of the long side as in the Bethe-hole coupler. A slot is cut in the sidewall to allow coupling. This design is frequently used to produce a 3 dB coupler.[35] Schwinger reversed-phase coupler The Schwinger reversed-phase coupler is
another design using parallel waveguides, this time the long side of one is common with the short side-wall of the other. Two off-centre slots are cut between the waveguides spaced A/4 apart. The Schwinger is a backward coupler. This design has the advantage of a substantially flat directivity response and the disadvantage of a strongly frequency-
dependent coupling compared to the Bethe-hole coupler, which has little variation in coupling factor.[36] Moreno crossed-guide coupler The Moreno crossed-guide coupler has two waveguides stacked one on top of the other like the Bethe-hole coupler but at right angles to each other instead of parallel. Two off-centre holes, usually cross-shaped are
cut on the diagonal between the waveguides a distance 2 A / 4 {\displaystyle \scriptstyle {\sqrt {2} }\lambda /4} apart. The Moreno coupler is good for tight coupling applications. It is a compromise between the properties of the Bethe-hole and Schwinger couplers with both coupling and directivity varying with frequency.[37] Waveguide power
dividers Waveguide hybrid ring The hybrid ring discussed above can also be implemented in waveguide.[38] Magic tee Figure 15. Magic tee Main article: Magic tee Coherent power division was first accomplished by means of simple Tee junctions. At microwave frequencies, waveguide tees have two possible forms - the E-plane and H-plane. These
two junctions split power equally, but because of the different field configurations at the junction, the electric fields at the output arms are in phase for the H-plane tee and are 180° out of phase for the E-plane tee. The combination of these two tees to form a hybrid tee is known as the magic tee. The magic tee is a four-port component which can
perform the vector sum (X) and difference (A) of two coherent microwave signals.[39] Discrete element types Hybrid transformer Figure 16. 3 dB hybrid transformer for a 50 Q system Main article: Hybrid coil The standard 3 dB hybrid transformer is shown in figure 16. Power at port 1 is split equally between ports 2 and 3 but in antiphase to each
other. The hybrid transformer is therefore a 180° hybrid. The centre-tap is usually terminated internally but it is possible to bring it out as port 4; in which case the hybrid can be used as a sum and difference hybrid. However, port 4 presents as a different impedance to the other ports and will require an additional transformer for impedance
conversion if it is required to use this port at the same system impedance.[40] Main article: Telephone hybrid Hybrid transformers are commonly used in telecommunications for 2 to 4 wire conversion. Telephone handsets include such a converter to convert the 2-wire line to the 4 wires from the earpiece and mouthpiece.[41] Cross-connected
transformers Figure 17. Directional coupler using transformers For lower frequencies (less than 600 MHz) a compact broadband implementation by means of RF transformers is possible. In figure 17 a circuit is shown which is meant for weak coupling and can be understood along these lines: A signal is coming in one line pair. One transformer
reduces the voltage of the signal the other reduces the current. Therefore, the impedance is matched. The same argument holds for every other direction of a signal through the coupler. The relative sign of the induced voltage and current determines the direction of the outgoing signal.[42] The coupling is given by; C 3, 1 = 201log n {\displaystyle
C {3,1}=20\og n\ } where n is the secondary to primary turns ratio. For a 3 dB coupling, that is equal splitting of the signal between the transmitted port and the coupled port, n = 2 {\displaystyle \scriptstyle n={\sqrt {2} } } and the isolated port is terminated in twice the characteristic impedance - 100 Q for a 50 Q system. A 3 dB power divider
based on this circuit has the two outputs in 180° phase to each other, compared to A/4 coupled lines which have a 90° phase relationship.[43] Resistive tee Figure 18. Simple resistive tee circuit for a 50 Q system A simple tee circuit of resistors can be used as a power divider as shown in figure 18. This circuit can also be implemented as a delta circuit
by applying the Y-A transform. The delta form uses resistors that are equal to the system impedance. This can be advantageous because precision resistors of the value of the system impedance are always available for most system nominal impedances.

The tee circuit has the benefits of simplicity, low cost, and intrinsically wide bandwidth. It has two major drawbacks; first, the circuit will dissipate power since it is resistive: an equal split will result in 6 dB insertion loss instead of 3 dB.

The second problem is that there is 0 dB directivity leading to very poor isolation between the output ports.[44] The insertion loss is not such a problem for an unequal split of power: for instance -40 dB at port 3 has an insertion loss less than 0.2 dB at port 2. Isolation can be improved at the expense of insertion loss at both output ports by replacing
the output resistors with T pads. The isolation improvement is greater than the insertion loss added.[45] 6 dB resistive bridge hybrid Figure 19. 6 dB resistive bridge hybrid for a 600 Q system A true hybrid divider/coupler with, theoretically, infinite isolation and directivity can be made from a resistive bridge circuit. Like the tee circuit, the bridge has
6 dB insertion loss. It has the disadvantage that it cannot be used with unbalanced circuits without the addition of transformers; however, it is ideal for 600 Q balanced telecommunication lines if the insertion loss is not an issue. The resistors in the bridge which represent ports are not usually part of the device (with the exception of port 4 which may
well be left permanently terminated internally) these being provided by the line terminations. The device thus consists essentially of two resistors (plus the port 4 termination).[46] Applications Monitoring The coupled output from the directional coupler can be used to monitor frequency and power level on the signal without interrupting the main
power flow in the system (except for a power reduction - see figure 3).[47] Making use of isolation Figure 20. Two-tone receiver test setup If isolation is high, directional couplers are good for combining signals to feed a single line to a receiver for two-tone receiver tests. In figure 20, one signal enters port P3 and one enters port P2, while both exit
port P1. The signal from port P3 to port P1 will experience 10 dB of loss, and the signal from port P2 to port P1 will have 0.5 dB loss. The internal load on the isolated port will dissipate the signal losses from port P3 and port P2. If the isolators in figure 20 are neglected, the isolation measurement (port P2 to port P3) determines the amount of power
from the signal generator F2 that will be injected into the signal generator F1. As the injection level increases, it may cause modulation of signal generator F1, or even injection phase locking. Because of the symmetry of the directional coupler, the reverse injection will happen with the same possible modulation problems of signal generator F2 by F1.
Therefore, the isolators are used in figure 20 to effectively increase the isolation (or directivity) of the directional coupler. Consequently, the injection loss will be the isolation of the directional coupler plus the reverse isolation of the isolator.[48] Hybrids Applications of the hybrid include monopulse comparators, mixers, power combiners, dividers,
modulators, and phased array radar antenna systems. Both in-phase devices (such as the Wilkinson divider) and quadrature (90°) hybrid couplers may be used for coherent power divider applications. An example of quadrature hybrids being used in a coherent power combiner application is given in the next section.[49] An inexpensive version of the
power divider is used in the home to divide cable TV or over-the-air TV signals to multiple TV sets and other devices. Multiport splitters with more than two output ports usually consist internally of a number of cascaded couplers. Domestic broadband internet service can be provided by cable TV companies (cable internet). The domestic user's
internet cable modem is connected to one port of the splitter.[50] Power combiners Since hybrid circuits are bi-directional, they can be used to coherently combine power as well as splitting it. In figure 21, an example is shown of a signal split up to feed multiple low power amplifiers, then recombined to feed a single antenna with high power.[51]
Figure 21. Splitter and combiner networks used with amplifiers to produce a high power 40 dB (voltage gain 100) solid state amplifier Figure 22. Phase arrangement on a hybrid power combiner. The phases of the inputs to each power combiner are arranged such that the two inputs are 90° out of phase with each other.

Since the coupled port of a hybrid combiner is 90° out of phase with the transmitted port, this causes the powers to add at the output of the combiner and to cancel at the isolated port: a representative example from figure 21 is shown in figure 22. Note that there is an additional fixed 90° phase shift to both ports at each combiner/divider which is not
shown in the diagrams for simplicity.[52] Applying in-phase power to both input ports would not get the desired result: the quadrature sum of the two inputs would appear at both output ports - that is half the total power out of each. This approach allows the use of numerous less expensive and lower-power amplifiers in the circuitry instead of a
single high-power TWT. Yet another approach is to have each solid state amplifier (SSA) feed an antenna and let the power be combined in space or be used to feed a lens attached to an antenna.[53] Phase difference Figure 23.

Phase combination of two antennas The phase properties of a 90° hybrid coupler can be used to great advantage in microwave circuits. For example, in a balanced microwave amplifier the two input stages are fed through a hybrid coupler. The FET device normally has a very poor match and reflects much of the incident energy. However, since the
devices are essentially identical the reflection coefficients from each device are equal. The reflected voltage from the FETs are in phase at the isolated port and are 180° different at the input port. Therefore, all of the reflected power from the FETs goes to the load at the isolated port and no power goes to the input port. This results in a good input
match (low VSWR).[54] If phase-matched lines are used for an antenna input to a 180° hybrid coupler as shown in figure 23, a null will occur directly between the antennas. To receive a signal in that position, one would have to either change the hybrid type or line length. To reject a signal from a given direction, or create the difference pattern for a
monopulse radar, this is a good approach.[55] Phase-difference couplers can be used to create beam tilt in a VHF FM radio station, by delaying the phase to the lower elements of an antenna array.

More generally, phase-difference couplers, together with fixed phase delays and antenna arrays, are used in beam-forming networks such as the Butler matrix, to create a radio beam in any prescribed direction.[56] See also Star coupler Beam splitter References ~ Ishii, p.200Naval Air Warfare Center, p.6-4.1 ™ Raisanen and Lehto, p.116 ©~ Naval Air
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The using of high-power microwave sources can effectively improve the detection distance and the anti-interference performance of the radars [4]. As a key device in mechanical scanning radar systems, the rotary joint can ensure a stable transmission of RF signals during the scanning process. There are two main ways to realize the rotary joint, the
first one is to use a coaxial structure, and the other is to use a waveguide structure. Usually, waveguide rotary joints based on the waveguide have a higher power capacity, which helps to further improve the power density of the radar systems [5, 6]. But rotary joints in conventional forms generally cannot deal with the GW-level power generated by
high-power microwave systems (HPM). To solve this problem, this letter proposes a rotary joint that can operate at 9.5-10.5 GHz with a power capacity of 3 GW level based on over-mode circular waveguide. The joint adopts a non-contact design and a new choke slot structure is designed to improve the power capacity.Design PrincipleGeneralized
Scattering Matrix TheorylIn the uniform direct lossless transmission system, the microwave mode is usually consistent, and once the structure of the waveguide is changed, such as the change of the radius of the circular waveguide or the bending of the axis, the change of the aperture of the rectangular waveguide, etc., the transmission mode in the
waveguide will be changed, causing the coupling between the energies of the various modes in the waveguide, which generates new modes.The generalized scattering matrix theory is used to analyze the abrupt structure in the circular waveguide.The structure of the two-stage abrupt waveguide is shown in Figure 1.FIGURE 1. Structure and
scattering matrix of two-stage abrupt waveguide. (A) Structure of two-stage abrupt waveguide. (B) The scattering matrix of the structure in Figure 1A.In Figure 1A, B represents a uniform waveguide connecting two abrupt surfaces 1 and 2, which length is L. A and C represent a uniform waveguide connected to B, and they also represent abrupt
surfaces 1 and 2.Figure 1B shows the scattering matrix of the structure of Figure 1A. S1 and S3 represent the scattering matrices at the abrupt surfaces 1 and 2, respectively.

S represents the scattering matrix of the two-level abrupt structure, and the superscripts 2 and 3 represent the scattering parameters at the left and right ends of the uniform waveguide B, respectively.

The superscripts A and C represent the scattering parameters on the left side of the mutation surface 1 and the right side of the mutation surface 2, respectively, and SL represents the transmission matrix between the mutation surfaces 1 and 2, the definition of SL is as Eq. 1SL=[e—y1L0e—y2L"-.0e—ynL](1)yn represents the propagation constant of
the nth mode in waveguide B.According to [7-10], the solution of each parameter in S is as follows: {SAA=S11+4+S12SLU2S33SLS21SAC=S12SL.U2S34SCA=S43SLU1S21SCC=S43SLU1S22S1.S34+5S44(2){S11=(YLa+YLb)—1(Ya—YLa)S12=2(YLb+Ya)—1MTYbS21=M(I+S11)S22=MS21-IU1=[I-S22SLS33SL]-1U2=[I-S33SLS22SL]
—1YLa=MTYbMYLb=MTYbMMmn=SAe—bm-e—an ds(3)Among Eq. 3, I is the identity matrix, M is the matrix form of Mmn; Yi is the input admittance matrix seen from the ith waveguide to the sudden change; e—an, e—~bm are the transverse mode electric fields in the A and B waveguides.Choke Structure Design TheoryThe choke structure in the
rotary joint requires a high microwave transmission efficiency and a high power capacity. A successful design of the choke structure can improve the electric field distribution on the rotating surface, thus reduce the local electric field enhancement and avoid the breakdown. Meanwhile, the rotary joint can be rotated flexibly and the vacuum seal
inside the waveguide can be maintained. The choke structure can be analyzed using the microwave equivalent transmission line theory and its equivalent equation is given by Eq. 4:{dU(z,t)dz=—(R0+jwL0)I(z)=—Z1(z)dI(z,t)dz=—(G0+jwC0)U(z)=—YU(z)(4)Where RO, GO, L0, CO are the resistance, conductance, inductance and capacitance per unit
length, respectively. Z. Y are the series impedance and parallel conductor per unit length of the transmission line, respectively. U(z),I(z) are the voltage and current on the transmission line.Zl is the load impedance of the choke. Zc is the characteristic impedance of the transmission line. The reflection coefficient I'L is given by Eqgs 5, 6:I'L=U—-(1)U+
) =Z1-ZcZl+Zc=1(5)so{|UD)|=2|U+A)|sin(BD) |I(D|=j2|U+(1)|Zccos(Bl)(6)When Bl=n1m,(n=0,1,2,...), the minimum voltage and maximum current occur on the transmission line. When the equivalent length of the choke is given by Eq. 7:Minimum voltage occurs on the inner wall of the choke, so the breakdown problem can be effectively
avoided.Geometry and DesignThe rotary joint includes three parts: circular waveguides, a choke structure and a sealing structure. The two ends of the joint are the input and output ports respectively. Its geometry structure is shown in Figure 2. The radii of fillets 1 and 2 are 5 and 0.3 mm respectively. FIGURE 2.

The geometry structure of the rotary joint. (A) Front view of the external of waveguide. (B) Front view of the internal of waveguide. (C) Front view of the choke slot. (D) The sectional view of the waveguide.Design of the Circular WaveguideConventional circular waveguides have a small power capacity, and if they are used in the HPW system,
breakdown will occur inside the waveguide. The over-mode waveguide is a waveguide whose size is larger than the traditional waveguide size at the operating frequencies, which can withstand a higher power due to its increased sectional area [11-14]. The field distribution in the rotary joint must have the characteristics of axisymmetric distribution
to ensure stable output in the continuous rotation process. The field distribution of the TM01 mode is axisymmetric, and the phase is stable, so TMO01 mode is used as the operating mode in this rotary joint. The designed rotary joint is excited by TMO01 mode, which also requires the use of an over-mode circular waveguide.Design of the Choke
StructureSince it needs a certain space to rotate itself for the rotary joint, a slot is made in the waveguide wall along the radial direction as shown in Figure 2. However, a discontinuity in the radial direction of the waveguide in introduced, and can excite high-order modes in the waveguide. Figure 3 shows Simulated S21 for each transmission mode in
rotary joint when the radial slot has a radius of 39 mm, a length of 12 and 5 mm fillets for the connections. It can be seen with the introducing of the discontinuous structure exists in the rotating joint, when the TM01 mode generated, some additional modes, such as TE11, TE21, TM11, TE31, TEO1, and TM21 are also excited.FIGURE 3. Simulated
S21 for each transmission mode in rotary joint.As shown in the Figure 3 except for the TMO01 mode, the S21 of TE11, TM11, and TE31 are larger than other high-order modes, so they are selected as the analysis objects later.As shown in Figure 4, Figure 5 and Figure 6, the optimization of fillet radius R fillet of the waveguide radial slot, slot radius

R slot and slot length L slot can suppress higher-order modes.FIGURE 4.

Influence of radial slot fillet radius on coupled mode transmission. (A) TE11 mode. (B) TM11 mode. (C) TE31 mode. (D) Sum of TE11, TM11 and TE31 mode.FIGURE 5. Influence of radial slot radius on coupled mode transmission. (A) TE11 mode. (B) TM11 mode. (C) TE31 mode.

(D) Sum of TE11, TM11 and TE31 mode.FIGURE 6.

Influence of radial slot length on coupled mode transmission. (A) TE11 mode. (B) TM11 mode. (C) TE31 mode. (D) Sum of TE11, TM11 and TE31 mode.It can be seen that the suppression of the unwanted modes is achieved when the radius and the length of the radial slot are chosen to be 39 and 12 mm, respectively.It can be derived from the choke
theory in Eq. 7, when the choke slot length is 15 mm, 1/22, the voltage is minimized at the point where it is connected to the inner wall of the waveguide. It is helpful to avoid the breakdown problem. After optimization, the choke slot length is adjusted to 17 mm, as shown in Figure 2.c. It can be seen that the choke slot is not directly connected to the
inner wall of the waveguide, but is connected to the slot along the radial direction. The field strength is relatively small and the risk of breakdown is smaller than choke slot which is connected to the inner wall. Since the choke slot is not directly connected to the inner wall of the waveguide, when the choke slot is broken down, the influence of the
electric field in the waveguide is relatively weak.According to the measurement, the breakdown field strength of YL122 aluminum alloy material is 700 kv/cm. Figure 7 shows the field strength distribution of the inner of the waveguide when the input energy is 3 GW. It can be seen that the field strength at the location of the choke slot is about

600 kv/cm, so this rotary joint can withstand 3 GW microwave power.FIGURE 7. Field strength distribution on the inner of the waveguide. (A) The sectional view of field strength distribution inside the waveguide. (B) Position 1 view of field strength distribution inside the waveguide.

(C) Position 2 view of field strength distribution inside the waveguide.Measurement ResultsFigure 8 is the photograph of the rotary joint. When the rotary joint is operating in TM01 mode, and the measured and simulated results of the transmission coefficient and the standing wave ratio are shown in Figure 9.FIGURE 8. Photo of the rotary joint. (A)
The front view of the rotary joint. (B) The bottom view of the rotary joint. FIGURE 9. S21 and VSWR of TM01 mode.A HPM source [15-17] and horn antenna are used for the power capacity measurements of the rotary joint. The HPM source has a microwave pulse width of 20 ns and a output power of 3 GW.

The horn antenna is a multimode conical horn with continuously variable flare angle. In the experiment, the rotary joint is connected between the HPM source and the horn antenna, and the power capacity of the rotary joint is evaluated by monitoring whether the microwave waveform of the radiation field shows tail-erosion phenomenon to determine
whether the breakdown occurs during the transmission process. Figure 10 shows the radiation field waveform when 30 microwave pulses are continuously input to the rotary joint in the measurement. The vacuum value during the high-power test is 3*10—2Pa.FIGURE 10. The output waveform of pulse width 20 ns for X-band.The comparison between
the online waveform and the radiation field waveform in Figure 9 shows that the waveform repetition is very well and there is no tail erosion, which indicating that there is no obvious HPM breakdown in this rotary joint. As a result, the power capacity of this rotary joint meets the demand of HPM with power of 3 GW and microwave pulse width of

20 ns.Conclusionln this paper, a high-power radar rotary joint is designed based on an over-mode circular waveguide, and an innovative choke slot is used, which reduces the electric field strength at the choke slot and reduces the risks of the breakdown. The structure of the radial slot is optimized to suppress other coupling modes, and the
transmission efficiency of TM01 mode at 9.5-10.5 GHz reaches more than 98.9% while withstanding power of 3 GW.Data Availability StatementThe raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.Author ContributionsAll authors listed have made a substantial, direct, and intellectual
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