POWER COMBINERS AND DIVIDERS

Since the birth of radio over one hundred years ago (in 1895),
there has been a very rapid growth of radio communication
technology. To obtain higher information transmission rates
over larger distances, there has been a steady demand for
higher frequency bands and higher levels of transmitted
power. The most significant progress in these two directions
took place during World War II and afterward. This led to
the emergence and expansion of what is now termed micro-
wave (1 GHz to 30 GHz frequency band) and millimeter wave
(30 GHz to 300 GHz frequency band) communications techno-
logies. Important systems that operate now at microwave
or millimeter waves include terrestrial links, satellite links,
and radar. These systems use active and passive circuits,
which fulfill a number of fundamental functions related to
signal generation, modulation, launching, reception, and de-
tection.

Prior to 1948, the year the transistor was invented, the
only semiconductor element which was used in microwave
communication circuits was a crystal detector diode. At that
time, microwave signal generation and amplification were
dominated by vacuum tubes including magnetron, klystron,
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and traveling wave tubes (TWTs) (1). These devices still
remain in use at kW levels where solid state devices cannot
yet compete. Since the late 1960s the situation with the
dominance of microwave power generation by tubes has
changed dramatically. This was due to the introduction of
microwave semiconductor devices such as the Gunn diode,
avalanche diodes, and bipolar and field-effect transistors (1),
which were able to produce considerable power levels and
gain at microwave frequencies. With the invention and in-
troduction of these new devices, there has been growing
interest in developing techniques to obtain higher power
levels by combining power from individual modules. The
motivation for such techniques has been due to a number
of reasons. For example, in the mid-1970s it became clear
that the combination of even a modest number of IMPATT
(impact avalanche transit time) diodes could lead to the
manufacture of a reasonable pulsed radar transmitter. This
transmitter offered a reduction in size and weight and it
required only tens of volts for its operation. This was in
contrast to tubes that often required 1000 V supplies and
considerable warm-up time. Since the inception of the con-
cept of power combining, in the late 1960s, many power-
combining schemes have been tried and developed. These
schemes often include the two tasks of power division and
combination and therefore the terms power combining and
power dividing often appear simultaneously.

Power combining schemes involve different technologies
and media. These range from metal waveguides and cavi-
ties, microstrip, and striplines for which the power is con-
fined to a finite region. Alternatively, open space configura-
tions are used. In that case, power is launched by a set of
radiating elements, antennas, at the transmit side and is
intercepted by another set of antennas at the receive side.
The choice of technology and medium depends on the type
of solid state device involved in the power combining
scheme, operational frequency and bandwidth, and the type
of application in which the combined power is required. The
devices involved in power combining/dividing are known as
power combiners/dividers. Because of their reciprocal char-
acter, the same circuits can alternatively be viewed as
power combiners or power dividers. This depends on the
nomination of their input and output ports.

The review of power combining/dividing structures is the
subject of the presentation in this article. The presentation
commences with an introduction of categories of power com-
biners followed by the fundamental characteristics of these
structures. Methods of analysis as well as applications are
also described.

MICROWAVE AND MILLIMETER-WAVE POWER COMBINING
TECHNIQUES

Power Combining Principles

Power combining can be achieved in a variety of manners, but
they can be generalized to two situations, which are shown in
Fig. 1.

In Fig. 1(a), there are a number of individual oscillators
and the task is to combine them into a more powerful syn-
chronized signal source. This is achieved via a suitable com-
bining circuit. This circuit with some modifications can be
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Figure 1. General configurations for power combining. (a) Oscilla-
tors. (b) Amplifiers.

used for injection-locked oscillators and reflection amplifiers.
In that case, the output port is used as an input port for injec-
tion of an external signal.

In Fig. 1(b), there is a single low-power source that is split
and applied to the inputs of amplifiers. In turn, the outputs
of these amplifiers are combined into a common port to pro-
duce a more powerful source. In this case, the association of
both dividing and combining circuits is used to obtain the
power combination.

At this stage, the requirements on the combining structure
have not yet been specified. In general, these requirements
are related to the proper functioning of the entire combiner
as well as to the efficient utilization of individual oscillators
or amplifiers that appear in the combiner, which is explained
as follows. First of all, the combined source has to function in
a reliable manner. This means that it has to have stable and
long lasting performance. The term stability may also refer to
the purity of the frequency spectrum generated by the com-
bined devices. The combining circuit should be able to syn-
chronize individual sources and suppress any instability that
can lead to multimode operation of multiple solid-state de-
vices in the combiner. Reliability is often associated with
graceful degradation of performance of the combiner. It
means that if one of the oscillators or amplifiers fails, the re-
maining devices should not be affected. Consequently, the
power produced by the combiner should be only slightly re-
duced due to the absence of the failed unit. Graceful degrada-
tion has always been regarded as the most important aspect
of the power combining techniques in the competition of solid-
state sources with tubes, for which failure is usually cata-
strophic. One additional aspect, in conjunction with graceful
degradation, is feasibility of the “hot” replacement of a failed
unit. A suitable provision in the power combining/dividing
structure is necessary to accomplish this task.

Classification of Power Combiners/Dividers

A systematic grouping of power combiners has been accom-
plished by Russel (2) and Chang and Sun (3). As a result of
this classification, three major categories of combiners have
been introduced: chip-level, circuit-level, and spatial-level.
In addition to these three major groups, multiple-level and

other types of combining schemes have also been identified
(3). This classification is not unique. However, it helps to rec-
ognize combiner/divider configurations in the context of their
use. Chip-level combiners (4—7) can be viewed as a subcate-
gory of circuit-level combiners. They utilize very small dis-
tances (a small fraction of a wavelength) between individual
solid-state devices. As such, although they increase the gener-
ated power, they do not offer graceful degradation. This is
because the failure of one chip usually leads to the destruc-
tion or prevention of operation of the remaining chips and
thus to the catastrophic failure of the combined source. Other
problems with this type of combiners are low effective imped-
ance and thermal interactions. Standard circuit-level combin-
ers utilize larger distances between individual solid-state de-
vices and therefore they allow for the introduction of counter
measures against a catastrophic failure of the combiner. Be-
cause of the present marginal importance of chip-level com-
biners, Fig. 2 shows the reduced classification of combiners,
which include only circuit-level and space-level combiner cat-
egories.

Circuit-type combiners (2,3) confine power within a re-
gion often enclosed by a conducting surface such as a cavity
or a waveguide. Radiation into a free space is considered
an undesired phenomenon as it leads to power losses. In
space combiners, power combining takes place in an un-
bounded (8) or partially bounded region (9). In the latter
case, the combining region often forms a space resonator.
The combining process is accomplished with radiative ele-
ments (antennas). The relative dimensions, in terms of
wavelength, of the spatial combiner structure are usually
much larger than of its circuit-type equivalent. Conse-
quently, the quality factor which is achieved with space
resonators is usually much larger than that obtained with
circuit-type resonant cavities. Because of this feature, cir-
cuit type combiners are employed at the lower end of micro-
wave and millimeter wave frequencies while the space-type
combiners are aimed for use at the upper millimeter-wave
frequency bands.

As can be seen in Fig. 2, circuit-level combiners can be
divided into resonant and nonresonant combiners. Resonant
combiners use resonant cavities which exhibit a high qual-
ity factor, @ and as a result feature small operational band-
width. Due to this property, they serve the purpose of syn-
chronizing multiple oscillators. Nonresonant combiners
utilize structures with low quality factor, and therefore they
exhibit an increased operational bandwidth.

At this stage it has to be mentioned that often similar-in-
shape structures may appear in both resonant and nonreso-
nant types of combiners (2,3). For example, a cylindrical cav-
ity with N-coaxial ports including IMPATT or Gunn diode os-
cillators with a central port for power extraction is considered
a resonant cavity combiner (10). On the other hand, the same
cylindrical cavity, but with peripheral coaxial probes and a
central probe, can also be considered a nonresonant, N-way
radial combiner (11,12). The difference lies in the @ factor
that the cylindrical cavities provide (13). The division into
resonant and nonresonant cavity combiners may be less ap-
parent for those structures for which it is difficult to identify
whether or not they are resonant in operation. The proper
identification of the @ factor may require solving an electro-
magnetic field problem to fully characterize a given structure.
This is not always feasible.
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Figure 2. Categories of power combiners.

Nonresonant combiners are generally divided into N-way
and corporate-type combiners. Again, this classification is not
unique and conforms to some earlier accepted terminology
(2,3). N-way combiners utilize a single structure with N input
ports and one output port. Corporate combiners use a tree of
M-way combiners, with M being a small number, to create a
combiner with a large number of input ports. The case of
M = 2 leads to the binary-type corporate combiner. As has
been indicated earlier, all the nonresonant combiners dis-
cussed here can also be regarded as power dividers. This is
accomplished by designating input ports of the N-way com-
biner as output ports of the divider, and by renaming the com-
mon output port of the combiner to the input port of the N-
way divider.

Similar to circuit-level combiners, spatial combiners can be
divided into resonant (open-resonator cavity) and nonreso-
nant structures (14). Due to their similarities with Fabry—
Perot cavity lasers (1), resonant-type spatial combiners using
a space resonator with front and back reflection mirrors are
also named quasi-optical power combiners (9,14).

RESONANT AND NONRESONANT
CAVITY COMBINERS/DIVIDERS

For the purpose of power combining and dividing, rectangular
and cylindrical cavities are often used. Both resonant and
nonresonant power combining structures can employ such
cavities. As has been explained earlier, the identification of
the resonant or nonresonant nature of the application can be
distinguished by the quality factor. This factor depends on the
method of launching and extracting the power and therefore
on the cavity loading conditions. Resonant and nonresonant

combiners/dividers using cavities are described in the follow-
ing sections.

Rectangular Cavity Combiners/Dividers

The most popular configurations of rectangular -cavities,
which have been used for the purpose of power combining,
are shown in Fig. 3. The first structure, shown in Fig. 3(a), is
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Figure 3. Rectangular waveguide cavity combiner/dividers. (a)
cross-coupled coaxial lines. (b) Posts. (¢c) Disk-ended probes.
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known as the Kurokawa rectangular waveguide cavity com-
biner (15,16). It is considered as a resonant-type of combiner.
In this combiner, solid-state devices (IMPATT or Gunn di-
odes), operating as oscillators or amplifiers, are located in the
lower part of the bottom coaxial lines. The upper coaxial lines
are loaded with an absorber to stabilize the operation of the
multiple-oscillator structure as well as to provide bias to solid
state devices. Please not that for the proper operation, pairs
of coaxial lines are located close to waveguide walls, at the
maximum of the magnetic field, and are spaced approxi-
mately at a half-waveguide wavelength. The waveguide short
circuit is located a quarter-wavelength from the first adjacent
coaxial pair. The bottom coaxial lines often include imped-
ance-transforming circuits to obtain proper impedance condi-
tions for the solid-state devices.

Figure 3(b) shows one variation of the basic Kurokawa
combiner (17,18). In this case, the bottom parts of the coaxial
lines are removed and replaced by open-ended posts. In this
configuration, solid-state devices are located in the gaps be-
tween the bottom waveguide floor and the tips of the posts.
The rectangular waveguide in this configuration can be of a
standard or oversized format.

Figure 3(c) shows a rectangular waveguide with probes
(19). In contrast to the Kurokawa-type combiner, individual
amplifiers including active devices (diodes or transistors) are
connected externally to this structure via coaxial ports. These
in turn couple power to the common rectangular cavity. This
basic configuration with some modifications, depending on the
method of launching and extracting power, is used in ladder-
type (19,20) and traveling-wave type combiners/dividers (21).
Coaxial probes or waveguide apertures can be used as com-
bining ports. To combine power, reflective (single unit) and
transmissive (using dividing and combining units) configura-
tions are explored.

Cylindrical Cavity Combiners/Dividers

The principles of the use of cylindrical cavities for the purpose
of power combining or dividing are analogous to those already
presented for rectangular cavities. This is because both types
belong to the same family of parallel-plate waveguide struc-
tures. The obvious differences are in the cross-sectional
shapes, which consequently lead to their different use. Figure
4 shows typical configurations of combiners/dividers that use
a cylindrical cavity as a combining structure.

For the purpose of combining, it is usually assumed that
the cavity operates in its TMgy, mode whose field is constant
with the cavity height and axially (azimuthally) symmetric.
Power is extracted or launched by the centrally located probe,
Fig. 4(a) to (c), or by the rectangular waveguide port, Fig.
4(d). An important feature of the cylindrical cavity combiner/
divider is that, since the mode of operation assumes fields
azimuthally symmetric, in theory there is no minimum spac-
ing between peripheral probes or coaxial lines. This is in con-
trast to the rectangular cavity combiner/divider in which the
peripheral ports have to be spaced at half waveguide wave-
lengths for its proper operation.

Radial, Conical and Hemispherical Cavity Combiners/Dividers

The cylindrical cavity with symmetrically located peripheral
coaxial probes or lines and a single central probe, already de-
scribed above, can also be regarded as a radial cavity
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Figure 4. Cylindrical cavity combiner/divider configurations. (a)
Cross-coupled coaxial lines (10,11,22) and a central coaxial probe. (b)
Posts and disk-ended coaxial central probe (23,24). (¢) Coaxial probes
(25,26). (d) Posts and a waveguide aperture (27,28).

combiner/divider. This designation, instead of cylindrical cav-
ity combiner, has been used in a number of references. Varia-
tions include shaping of the radial cavity as well as different
types of central and peripheral ports. Standard designs con-
cern uniform height radial cavity, which is fed by the central
probe. However, some designs include a nonuniform height
cavity (29,30). At the periphery, rectangular waveguide ports
or coaxial probes are used. For the central port, full-wave-
guide-height coaxial probe (31,32) disk-ended (33,34), conical
(35,36,37) and dielectric coated probes (38) are used. Simi-
larly, peripheral probes can be formed by full-height coaxial
probes (29,30), dielectric coated probes (37), conical probes
(36), disk-ended probes (34), balun loops (39), continuous an-
nular balun sections (35) and rectangular waveguide ports
(33,38), instead of straight coaxial probes. The variations of
radial-cavity combiner/dividers are shown in Fig. 5.

Conical (2,3) and hemispherical cavity combiner/dividers
(40,41) shown in Fig. 6 exhibit axial symmetry and they uti-
lize posts or coaxial probes for connecting solid-state sources
or amplifiers and for power launching and extracting.

NONRESONANT N-WAY COMBINERS

Cavity-type Nonresonant N-way Combiners

N-way combiners form a single structure with N input ports
and one output port. Some examples of these types of combin-
ers have already been discussed and include radial, hemi-
spherical and conical cavities. In these structures, an azi-
muthally symmetric field is used for the power combining/
dividing purposes. In this case, the device operation is equiva-
lent to N parallel transmission lines connected to one port. To
support this mode of operation, input ports are excited in-
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phase. Since in practice, the arriving signals may have differ-
ent phases, dielectric beads or rods (40) of variable length or
height may be used for tuning purposes. Out-of-phase excita-
tion of ports leads to the generation of higher order modes
which feature azimuthal dependence. To suppress these
higher order asymmetric modes, slits (24,26) and resistive ab-
sorbers (24,25) are used. These perturbation elements also
help to increase the isolation between peripheral ports, which
in turn increases the graceful degradation performance of the
combiner, which is explained as follows.

In general, failure of a source, or an amplifier connected to
a given port, results in a change of the load presented to this
port. This new condition affects the performance of the re-
maining active devices. The extent of this influence depends
on the isolation between the failed port and the remaining
ports. Radially symmetric cavity combiners have a built-in
isolation that usually increases with the number of ports, and
is equal to 1/N on average. This value may be considered in-
sufficient in some applications and this is why the resistive
elements are introduced to increase isolation. When the slits
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Figure 6. (a) Hemispherical. (b) Conical cavity combiner/divider con-
figurations.
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or resistive vanes are located along the lines of the surface
electric current produced by the dominant symmetric cavity
mode their effect on the fundamental mode is negligible. How-
ever, they cut lines of the currents that are associated with
higher-order azimuthally varying fields. This results in ab-
sorption of higher-order modes and consequently improves
the isolation between the peripheral ports.

An equivalent circuit for the radial (also hemispherical and
conical) combiner under the condition of the dominant (sym-
metric, in-phase) mode of operation is shown in Fig. 7.

As can be seen, N transmission lines of equal length (not
necessarily quarter wavelength), which meet at a common
port, form this circuit. These lines are nonuniform as their
characteristic impedance varies with distance. In this case,
they operate as impedance tapers and provide suitable imped-
ance transformation between the peripheral ports and the
central port. This is to counter the parallel loading effect at
the common port. The peripheral ends are connected via re-
sistors. These resistors represent mutual coupling between
the lines. Also they may incorporate isolation resistors.

Nonuniform T/L

Central port /' Goupling or isolating
resistor
Peripheral port

Figure 7. An equivalent circuit for a radial combiner under assump-
tion of the dominant mode of operation.
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Figure 8. Planar version of a radial combiner with coaxial central
port and microstrip transmission lines.

Nonresonant Planar Radial-Line Combiners

Radial combiners do not necessarily have to be realized in
waveguide. Their planar equivalents have also been investi-
gated (42-47). In these cases, a planar disk with a coaxial
line at its center and N microstrip lines connected at its pe-
riphery form the combiner structure. Two varieties of the pla-
nar radial combiner are shown in Fig. 8 below.

As can be seen, depending on the design, nonuniform (ta-
pered) or uniform microstrip lines are used. Additionally, re-
sistors can be connected between the neighboring lines to im-
prove isolation (42,43,46) and hence the graceful degradation
performance of this device.

Wilkinson N-Way Combiners

Wilkinson’s N-way combiner is one of the oldest power com-
bining structures. It was introduced by Wilkinson in 1960
(48). The device resembles in its concept the radial-line com-
biner and is synthesized using M sections of N uncoupled
transmission lines of equal length with isolation resistors. A
similar concept was also followed by Yee et al. (49). The equiv-
alent circuit of the N-way Wilkinson divider is shown in
Fig. 9.

The difference, in comparison with an N-way radial line
combiner, is that in the present case the lines are uniform
and are quarter-wavelength long. To meet the impedance
matching conditions, the characteristic impedance of the lines
is equal to VN Z,, where Z, is the characteristic impedance

Uniform T/L
Input port

Z=N22Zy L=2/4

Output port
Isolation resistor

Output port
Input port

(a) (b)

Figure 9. (a) An equivalent circuit of the Wilkinson’s N-way power
combiner. (b) Its two-way version.

of input and output transmission lines. Isolation between pe-
ripheral ports is improved using resistors between adjacent
lines. The most well known version of the Wilkinson’s divider
is the two-way divider, as shown in Fig. 9(b). It is used as a
basic building block in a corporate type combiner, which is
discussed later.

Generalizations or variations of the standard Wilkinson di-
vider were presented in Refs. 50, 51, 52, and 53. In particular,
the synthesis of N-way dividers using M-sections of N-wire
uncoupled or coupled transmission lines was described in Ref.
50. To avoid multilayer construction of the standard Wilkin-
son N-way divider, for N > 2, new planar solutions were pre-
sented in Ref. 51. Practical designs of four-way and seven-
way dividers with isolation exceeding 20 dB between ports
over a fractional bandwidth of 40% were demonstrated. The
new structures presented in Ref. 52 feature an increased
power handling capability. The work in Ref. 53 concerns the
design procedures for unequal power-split tee junctions.

Sectorial Radial Combiners

One problem with the N-way planar radial combiner is that
it uses hybrid (coaxial and planar) technology for its construc-
tion. This shortcoming can be avoided using a sectorial M-
way planar combiner (54). Variations of this structure are
shown in Fig. 10.

Used as dividers, these structures can provide approxi-
mately equal power split with equal phase distribution. To
increase the isolation between the peripheral ports, lumped
resistors, as in the case of Wilkinson’s type combiner, can be
used. In order to make output ports parallel as well as to

Isolation resistor

Output port Output port

Sectorial disk Sectorial disk

Input port Input port

(a) (b)

Input port

Output port

Hole

(c)

Figure 10. Sectorial planar combiners. (a) Without isolation resis-
tors, (b) With isolation resistors. (c) With holes for phase and ampli-
tude equalization.
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Figure 11. Basic blocks used in tree-type power combiners (a) Wil-
kinson 2-way divider. (b) 3 dB branch-line coupler. (c) Rat-race
hybrid.

provide equal phase division, exponential taper and purposely
created holes can be used (55,56,57).

Corporate Combiners

Combiners with a large number of ports can be built using a
tree of identical or similar hybrid devices with a small num-
ber of input/output ports. These combiners can include binary

Input
Input Output
Input
Input
Amplifier
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or generally M-ary basic building blocks. As a result, the
number of input ports in such combiners is not arbitrary but
given by 2L or M*, where L is the number of section in the
longitudinal direction. Basic building blocks for the binary
tree-type combiners are shown in Fig. 11.

These basic structures include the two-way Wilkinson’s
combiner, the 3 dB quadrature hybrid and the rat-race hybrid
(Ref. 58, Khoul or equiv.). Other possibilities include other
types of couplers (for example coupled-line directional cou-
pler) and the Gysel power combiner (52,59). These hybrids
can be built in waveguide or planar (for example microstrip)
technologies. These structures have in-built isolation between
their input ports, exceeding 20 dB, and feature an increased
operational bandwidth, typically 20% or more.

The common property of the Wilkinson’s, 3 dB quadrature,
and rat-race hybrids is that they can provide equal power di-
vision when they operate as dividers. Please note, however,
that alternative designs of these dividers can also offer un-
equal power division (53). The differences between these
building blocks concern the number of ports and phase rela-
tionshps. The Wilkinson’s hybrid is a three-port device and
provides equal in-phase power split. The rat-race hybrid is a
four-port device and is capable of in-phase and out-of-phase
(180° phase difference) equal power split. The 3 dB branch-
coupler is a four-port device and provides equal power split
with a 90° phase difference. Because of their four-port ar-
rangement, the subtracting port of the rat-race hybrid and
the isolated port of the 3 dB coupler need be match-termi-
nated prior to their use in the tree-type combiners.

Figure 12 shows examples of corporate (tree-type) combin-
ers with two-way Wilkinson’s combiners and 3 dB couplers.
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Figure 12. Typical configurations of cor-
porate power combiners. (a) Wilkinson
combiners. (b) 3 dB branch-line couplers.
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As can be seen, the assembling of the binary corporate struc-
ture using two-way Wilkinson or rat-race hybrids is straight-
forward. The use of the 3 dB coupler requires an extra care
to account for the 90° phase difference in its output ports.
This is accomplished using suitable connection arrangements.

Major advantages of corporate combiners is that their
analyses and designs are straightforward. Their disadvan-
tages are due to losses. Heat sinking for isolation resistors
also creates problems. Because each section includes quarter-
wavelength transmission lines, the corporate combiner be-
comes less compact than the radial combiner does with a
similar number of ports. Due to their losses and large size,
corporate combiners with many branches can be inconve-
nient, especially at the lower end of microwave frequencies.
An interesting discussion regarding the use of corporate and
radial combiners has been presented in Refs. 59 and 39. The
inconvenience of the corporate combiner due to its large di-
mension is diminished at upper microwave or millimeter-
wave frequency bands, because its size is scaled.

Similar to binary corporate combiners, M-ary corporate
combiners can be built using M-way combiners (54). However,
they have not found practical application and therefore they
are not discussed here.

As shown in Fig. 13, combiners can also be built using hy-
brid circuits in the chain or serial configuration (2). Using this
approach, combiners with arbitrary number of input ports can
be produced. These structures are easy to realize in practice.
Usually, couplers with progressively increasing values of cou-
pling are used in the chain. Because of the use of nonidentical
couplers, phase shifters have to be included to compensate for
unequal phases of input signals. As the phase equalization is
not easy to accomplish at upper microwave frequencies, these
circuits have not found wide acceptance at this particular fre-
quency band.

SPATIAL POWER COMBINERS

General Considerations

Spatial combiners use arrays of radiating elements to com-
bine power in an unbounded or partially bounded free space.

| Output port

Phase shifter

L

Coupler

te

Input port

)
<X

Figure 13. Chain-type combiner using couplers with unequal cou-
pling coefficients.

o

The major difference with circuit-type combiners is that be-
sides an active device and its biasing and impedance match-
ing circuit, an antenna is an integral part. Because of the
integration of an active element with an antenna, spatial
power combiners are often regarded as an extension of what
is known as an active array antenna. Different types of anten-
nas including dipoles, patch antennas, notch antennas, and
open-ended waveguides can be used for this purpose. This
blending leads to a wide range of configurations of spatial
combiners.

Similar to their circuit counterparts, spatial combiners can
combine power due to individual oscillators or amplifiers.
Thus the general principles for the combining schemes intro-
duced earlier in Fig. 1 also apply to this type of combiners.
The difference is that now the combining has to take place in
a given direction in space. This creates an extra challenge as
efficient oscillators or amplifiers as well as suitable radiating
elements have to be simultaneously designed. It is apparent
that the beam pointing at an undesired direction can be con-
sidered as a loss in combining efficiency. This is a new aspect
in comparison with the circuit-level combiners.

Most of the reported work on spatial combiners has been
related to oscillators (60). However, work concerning amplifi-
ers, frequency multipliers, detectors, mixers, and modulators
has also been accomplished (60).

Spatial oscillators, like their circuit counterparts, require
some form of synchronizing mechanism. This can be achieved
using internal or external means. A preferable option is to
use a high @ resonator such as a spatial cavity resonator (61—
65). In contrast to a circuit-type cavity resonator, this resona-
tor, in addition to its synchronizing role, has to enable power
radiation in a desired direction. Because of this requirement,
one of its mirrors usually has to be semitransparent. Signals
reflected from the resonator’s walls (or mirrors) cause the self-
injection of oscillators. Due to the high @ of the resonator,
signals having high spectral purity can be established. The
resulting frequency is closely related to the resonant fre-
quency of a discrete field (mode) which can exist in the cavity.
Note however that because the spatial cavity is partially en-
closed, it can also support a continuous spectrum of modes.
This is in contrast to the enclosed conducting cavities that
exclusively support a discrete spectrum of modes. One incon-
venience is that a spatial resonator occupies a considerable
volume making the combiner’s design less compact. Fre-
quency synchronization is also achieved internally through
the self signal-injection in the combiner structure (66—72).
The mechanisms contributing to this phenomenon are due to
mutual coupling of individual elements. This coupling can be
accomplished due to free-space or surface waves (66—71), re-
sulting in the weak coupling mechanism, or via specially ar-
ranged transmission-line-type connecting circuits (72) or due
to close spacing of active devices in grid-type combiners
(73,74), which produce strong coupling between individual os-
cillators. If successful, this synchronization approach makes
the combiner’s design compact and low profile. An alternative
method for synchronizing individual oscillators is to inject an
external high purity signal (74,75). An antenna can be used
to illuminate the combiner array. Different mechanisms for
synchronizing spatially combined oscillators are shown in
Fig. 14.

The understanding of synchronization mechanism in the
spatially combined oscillator array is not trivial. The general
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answer to this problem is given by Adler’s theory (76). This
theory provides general conditions for synchronization, which
are related to the amplitudes and frequencies of the free-run-
ning oscillators and the injected signal. In particular, this
theory provides the information on the locking (synchroniza-
tion) bandwidth of the externally injected oscillator. The ex-
tension of this theory in relation to linear arrays of spatially
combined oscillators has been presented (66—72).

In general, two parameters are involved in the synchroni-
zation process. One is the frequency, the other is the phase.
Due to a large number of competing mechanisms, whose pa-
rameters are not precisely known, the synchronization pro-
cess may be unpredictable. The problem starts with a number
of individual oscillators whose free-running frequencies may
be different. This is due to differences in characteristics of
individual solid-state devices as well as due to the different
environments they are in. Middle elements in the array have
a similar environment. However, this is not the case for end
elements. Due to different environment and individual char-
acteristics, the synchronized (in frequency) oscillators may
feature different phases, which may generally have random
values or result in a progressive shift. Random phase differ-
ences lead to power combining losses, as the signals, in a
given direction, add out-of-phase. This is a similar phenome-
non to that observed in circuit-level combiners using N-way
Wilkinson or radial combiners. On the other hand, the con-
structive phase shift can result in an end-fire beam launching
or beam squint. These phenomena were explained in Refs. 69,
70, and 71. It was shown that the phase shift could intention-
ally be controlled by end elements in the array (70,71). It was

— Oscillators (weak coupling mechanism). (¢) Connect-

ing transmission lines (strong coupling
(d) mechanism). (d) External source.

also shown that by varying the free-running frequency of the
oscillator at one end of the linear array, beam scan could be
obtained. Larger scan angles could be obtained for strongly
coupled arrays of elements.

The formation of the beam in the broadside direction usu-
ally improves with the use of a space resonator (68). However,
the thorough answer to the problem of synchronization of in-
dividual oscillators to achieve efficient directional combining
has not yet been provided. Nevertheless, a number of rela-
tively well synchronized spatial oscillators with good radia-
tion characteristics have been demonstrated. Frequency tun-
ing of such oscillators using mechanical and electronic means
has also been shown (60). Features such as graceful degrada-
tion of spatially combined arrays have also been investigated
(60).

The fundamental structures of spatially combined ampli-
fiers are similar to those used in spatially combined oscilla-
tors. Their design often becomes less complicated than for os-
cillators. This is because solid-state devices usually operate at
their small-signal mode, for which characteristics are better
known. However, coupling mechanisms due to surface or
space waves and circuit connections have to be taken into ac-
count to obtain a predictable design. Reflective and transmis-
sive types of spatially combined amplifiers can be designed in
the same way as for the circuit-type combiners.

Classification of Spatial Power Combiners

The spatial combining structures can be classified in a variety
of ways. One approach is to group them into resonant and



594 POWER COMBINERS AND DIVIDERS

nonresonant structures. However, as has already been indi-
cated for circuit-level combiners, this classification may not
be an easy task. This is because the estimation of the @-factor
of a given structure can be difficult. A more convenient way
is to classify spatial combiners in terms of their radiating ele-
ments. Using this approach, grid-type, patch (or slots), and
open-ended rectangular waveguide types can be selected.
These three classes are shown in Fig. 15.

Grid Combiners

The grid-type combiner is one of very early structures intro-
duced for the purpose of spatial power combining. The term
grid was introduced as early as the 1960s (77,78) and is re-
lated to wire antennas and selective periodic surfaces. The
use of solid-state devices using grid structures was also re-
ported at the same time (79,80). The first grid oscillators for
quasi-optical power combining were introduced in 1988
(81,82).

As shown in Fig. 15, the grid combiner is formed by an
array of identical units that are called cells. Unit cells are
densely spaced (approximately quarter free-space-wavelength
or less). This spacing creates a strong coupling mechanism
between adjacent units. The vertical conducting strips in the
grid structure act as dipole antennas. These can be fed by
active elements such as diodes (81) or transistors (82,73,74).
The horizontal conducting strips or bars serve the purpose of
biasing as well as heat sinking.

For the case of in-phase operation, which results in broad-
side radiation, the considerations of an infinite array are of-
ten reduced to that of a single cell. Assuming that the array
operates in its dominant mode, as established by the in-phase
excitation of the identical unit cells, the structure can be re-
garded as an assembly of parallel rectangular waveguides
with top and bottom walls formed by an electric conductor

Active element
/

and sidewalls formed by magnetic conductors. In practice, the
arrays are of finite size. However, an infinite array approach
permits reasonable design rules.

As grid arrays are equivalent to densely packed dipoles,
these arrays form inefficient radiators, as their equivalent ra-
diation apertures are small, resulting in low directional gains.
To obtain higher radiation efficiencies, antenna elements with
a larger directional gain have to be used. This task can be
accomplished with patch antennas that feature higher gain
than the dipoles.

Spatial Combiners with Patch Antennas

One problem with grid-type combiners is that the design of
the array has to be accomplished in a single step with all
elements present. This is because there are almost no means
for tuning or trimming. The available options for tuning in-
clude changing the bias conditions, use of transparent and
nontransparent mirrors, and injection of an external signal.
Consequently, the design has to be very predictable, as the
design error can be costly. Although the design of the passive
grid structure can be accomplished in a very accurate and
repeatable manner, variations in performance of individual
active devices may lead to design uncertainties in the active
array.

Weakly coupled arrays of active patch antenna elements
provide a better alternative to make the design more predict-
able. This is because single elements can be designed and
tested before being assembled into the array. As has already
been mentioned, a variety of antenna elements including dif-
ferent integration techniques with different types of active el-
ements (diodes or transistors) can be used for this purpose.
Figure 16 shows some typical arrangements that have al-
ready been explored.
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Figure 15. Basic configurations of spa-
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As patch antennas and active devices take usually a larger
space than dipoles in grid arrays, special care has to be taken
to minimize their dimensions to avoid undesired grating lobes
or nulls in the radiation pattern. This requires minimization
of the interelement spacing to a value smaller than one wave-
length. As active devices require biasing lines and pads,
which take a considerable space, this task may become a chal-
lenge. In some cases, a triangular lattice instead of the usual
rectangular lattice may provide a solution to this problem
(88).

Spatial oscillators or amplifiers integrated with patches
can also be strongly coupled. This can be arranged using cir-
cuit connections between active elements (85). To avoid
multimode problems, resistors can be used (72).

Spatial Combiners Using Waveguides

Although spatial combiners with patch antennas seem to be
advantageous versus grid-type combiners in terms of better
integration with active elements, and superior qualities for
heat sinking, they still have a number of deficiencies. As with
grids, they feature a limited tuning range and wide power
output deviations. At millimeter-wave frequencies patch di-
mensions may become too small to accommodate an active
device. In this case, patches can be replaced by waveguides
(64), rectangular horns, or their equivalents such as notch an-
tennas (89,90).

The use of open-ended parallel-plate waveguides for spa-
tial power combining has been demonstrated in (64,91). In
this case, each parallel plate region consists of a number of
equi-spaced Gunn diodes. The back shorts in the grooves are
adjusted to provide the simultaneous frequency tuning. The
parallel-plate guides are stacked in the vertical direction.
This is equivalent to having a grooved mirror. For synchroni-
zation purposes, a spherical mirror with a waveguide aper-

Microstrip T/ Active element

(b)

Figure 16. Different integration tech-
niques used in spatially combined active
array antennas. (a) Gunn or IMPATT di-
ode beneath the patch (83,84). (b) Gunn
diode integrated with the feedline of the
aperture coupled patch (85). (c) FET tran-
sistor integrated with the patch (86,87).

ture is positioned in the front of the grooved section, creating
a Fabry—Perot resonator. The array of parallel-plate identical
oscillators is analogous to the grid-type oscillator array. For
the dominant mode of operation (established by its symmetric
arrangement and in-phase excitation), an infinite array of
these oscillators is equivalent to an infinite array of unit cells
having electric walls at the top and the bottom walls and the
magnetic walls on its sides. The difference with the planar
grid is that this symmetry is enforced instead of being as-
sumed. Perhaps because of this enforced mode of operation,
the parallel-plate waveguide offers better stability in compar-
ison with the planar grid.

A radial equivalent of the parallel-plate groove concept for
the Fabry—Perot resonator operation has been presented in
Ref. 92. In this case, instead of parallel-plate regions, Gunn
diodes were located in a circular groove so that they could
operate in an axially symmetric mode. As in the parallel-plate
guide case, a ray-collimating window, which also served the
purpose of frequency synchronization, was used. High com-
bining efficiency close to 100% was obtained.

One of the very interesting alternative options to open-
ended waveguides is a notch antenna, whose basic configura-
tion is shown in Fig. 17.

This antenna is considered a planar equivalent of a horn
antenna. Their variations include Vivaldi and antipodal an-
tennas. These types of antennas feature an increased, often
multiband, frequency operation. This is a significant advan-
tage over the patch, which can barely obtain a 50% opera-
tional bandwidth. In contrast to the patch, which is used in
the tile-type array, the notch antenna allows for the brick
array construction, providing more space for inclusion of ac-
tive devices. These are usually placed at the nonradiative end
of the notch antenna. Examples of spatially combined oscilla-
tors and amplifiers using notch antennas have been presented
in Refs. 90 and 93.
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Figure 17. Configuration of a standard notch antenna fed by a mi-
crostrip coupled to the slot.

ANALYSIS METHODS FOR POWER COMBINERS/DIVIDERS

The knowledge of equivalent circuit parameters of power
combiners/dividers is of paramount importance in the design
process. This is often a nontrivial task, as it requires solving a
three-dimensional electromagnetic field problem. In the past,
many simplified methods were developed to overcome these
difficulties. Using these simplified methods, ample design
rules for varieties of combiners/dividers were obtained. This
situation has changed dramatically in the 1990s with a num-
ber of commercial, general-purpose electromagnetic field
solvers being developed. These solvers are based on integral
or finite difference methods, in frequency or time domain, and
are capable of accurately analyzing arbitrarily shaped passive
structures. Some of these software packages are also able to
simultaneously analyze assemblies of passive and active de-
vices in real time. One problem with the general-purpose
E-M field solvers is that they require large computing re-
sources and long computational times. This may be inconve-
nient in cases when combining structures have to be opti-
mized. This is because the optimization process usually
requires much iteration time. Because of these shortcomings,
it is advantageous to have alternative approximate ways for
the analysis of combiners/dividers. In many cases, these
methods can provide a relatively good approximation to the
optimal design using less computing resources than the gen-
eral-purpose commercial software. Nevertheless, the design
process can be finalized using more accurate general-purpose
software.

The following sections present examples of approximate
methods for the analysis of selected power combining/dividing
structures. The presentation commences with one-dimen-
sional transmission-line type combiners and is continued with
two- and three-dimensional structures.

Analysis of Transmission-Line Type Combiners

As has been demonstrated earlier, a number of basic power
combining/dividing structures can be built using sections of
transmission lines. For example, the Wilkinson power
combiner/divider, 3 dB branch line coupler, and Gysel power
combiner/divider can be built using microstrip or stripline
transmission lines. The design equations for such structures
using the transmission line approach are straightforward and
can be found in standard microwave books (58,94,95). Thus
they are not repeated here. In practice, these simple design
equations are not accurate enough as they neglect discontinu-
ities in the form of tee junctions, mitered bends, and imped-

ance steps, which real combining structures incorporate. To
obtain a more accurate design, these discontinuities have to
be taken into account. The modern-day commercial software
(96,97,98) not only provides this solution, but also it offers a
necessary optimization before the etching of the circuit takes
place. This software can also take into account the presence
of active devices in these structures (96).

Analysis of Planar Two-Dimensional
Power Combining Structures

Many planar power combiners cannot be represented by sim-
ple connections of transmission lines. Examples include mi-
crostrip planar circular disk combiners (45), annular-ring
combiners (98), sectorial dividers (54,55), and planar dividers
with holes (56,57). Also included in this list are microstrip
disk and annular ring-type couplers (99,100,101).

The analysis of these structures can be handled by a num-
ber of commercial software packages, which have been devel-
oped for the purpose of analyzing arbitrarily shaped 2- and
2.5-D multilayer microstrip configurations (97). Full-wave
analysis methods in real or spectral domains in association
with the moment method are employed to accomplish this
task. The use of these software packages may lead to time-
consuming computations due to their general-purpose nature.

For single-layer microstrip structures, an alternative
boundary-element method can be used (102). In this method,
an arbitrarily shaped microstrip structure is modeled as a
cavity, with top and bottom plates formed by a perfect electric
conductor and their sidewalls formed by a perfect magnetic
conductor. The electric field at the cavity’s wall is assumed to
be uniform with height but varying along the perimeter. In
the combiner/divider, this cavity can incorporate a number of
microstrip and coaxial ports. For coaxial ports, equivalent
strips can be introduced to make the analysis uniform. To
determine the equivalent circuit parameters, one of the ports
is excited while the remaining ones are left open-circuited. At
the excitation port the electric current is assumed to be
known. The unknown is the electric field along the structure’s
perimeter, which has to be determined. As can be seen, using
the magnetic wall model, a 2-D problem is replaced by a 1-D
problem. This is in contrast to the usual full-wave analysis
method in which the distribution of electric currents on an
arbitrarily shaped conducting surface has to be determined.

For an irregularly shaped microstrip structure, the wall
surface is divided into a number of sections, each with a con-
stant value of the electric field. Using field equations for a
parallel-plate guide, a set of linear algebraic equations is gen-
erated which can be solved using standard methods. Having
determined the electric field distribution for the case of excita-
tion of each single section of the boundary, an equivalent im-
pedance matrix for the N-port formed by N-sections of the
perimeter is determined (102). For some regular microstrip
structures, such as a circular disk or an annular ring, an al-
ternative method of determining the impedance matrix of the
equivalent N-port can be employed. This time, the field in the
cavity is expressed in terms of radial waves. The problem
again reduces to a 1-D problem, in which field expansion coef-
ficients are determined. This alternative approach has been
demonstrated in Refs. 45, 46, 99, and 101.

One deficiency of the magnetic wall approach is the negli-
gence of radiation. This leads to erroneous results at fre-



quency points at which the structure becomes resonant and
radiative. Nevertheless, this approach generates reasonably
accurate results for equivalent circuit paremeters for many
planar structures. The advantage of this approach is that
these parameters are determined in a reasonably short time
using an ordinary personal computer (PC), unlike general-
purpose commercial software packages where the computa-
tional time becomes longer even using more powerful comput-
ing resources.

Analysis of Waveguide-Cavity-Type Combiners

As has been shown in a previous section, many power
combining/dividing structures are formed by parallel-plate
waveguides with coaxial probes or cylindrical posts perpendic-
ular to the plates.

Rectangular cavity, cylindrical, and radial cavities belong
to this category. Equivalent circuit parameters of these struc-
tures can be derived assuming that rectangular waveguide
entries, coaxial entries, or gaps in the posts form input/output
ports of these structures. The usual assumption about these
ports is that they support only single-mode operation. This
includes the TEM mode for the coaxial line, the TE;, mode for
the rectangular waveguide, and the TEM mode, having uni-
form dependence with height and axial symmetry, in the cy-
lindrical gap in the post. Equivalent circuits of these struc-
tures, as viewed from their ports, can be determined by
solving an electromagnetic field problem in which single ports
are excited while the remaining ports are terminated. De-
pending on the type of (admittance, impedance, or scattering
matrix) parameters to be determined, a short circuit, an open
circuit, or a match load is used as a termination. The choice
depends on the configuration of the analyzed structure.

A major difficulty in finding a solution to this problem are
arbitrarily positioned cylindrical posts and coaxial entries
with respect to the walls of a rectangular or a cylindrical cav-
ity. The analysis of these structures can be handled by a num-
ber of commercial software packages, which have been devel-
oped for the purpose of analysis of arbitrarily shaped 3-D
passive structures (103). This approach is usually time-con-
suming, especially in the case when the performance of these
structures has to be optimized. This is why it is desirable to
have approximate fast analyses. For this purpose, the prob-
lem can be simplified by assuming that the field in an adja-
cent cylindrical region containing a post or a coaxial probe
(including the coaxial aperture) is axially symmetric. By mak-
ing this assumption, the field in these cylindrical regions can
be represented in term of radial TM modes having only verti-
cal component of the electric field and the azimuthal compo-
nent of the magnetic field. These fields can generally vary in
the vertical direction. The fields outside the cylindrical re-
gions containing the probes or posts can be expressed as sums
of waveguide modes. Special accelerating routines are applied
to achieve their fast convergence (104,105,106). For a given
excitation, the field within the combiner can be determined
using, for example, a field matching method. Using this ap-
proach, a number of elegant solutions to single or multiple
probes in rectangular or radial guide have been presented in
the microwave literature. The solutions for rectangular wave-
guides include single and double coaxial probe (104,105),
cylindrical posts and equivalent strip (106,107), and single
and dual disk-ended probes (108). Please note that the prob-
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lems of coaxially driven probes can also be solved in an alter-
native manner by replacing coaxial entries with equivalent
gaps in post (108). Excellent insights into the operation of
variety of coaxial-to-waveguide transitions with practical so-
lutions have been presented in Ref. 109.

As in rectangular waveguide cavities, electromagnetic
problems involving radial cavities with different types of
posts and probes can be solved. Field matching solutions for
for radial cavities with different types of probes were demon-
strated in Refs. 34 and 38.

Radial or coaxial cavities with rectangular waveguide
ports connected in their E- or H-plane were modeled in Refs.
110 and 111.

Based on the described analyses, a number of computer
programs have been developed. These programs can be run
on any PC. They are able to determine equivalent circuit pa-
rameters for a rectangular or radial cavity combiner with a
moderate (<20) number of coaxial or waveguide ports at a
single frequency point in a matter of seconds of central pro-
cessing unit (CPU) time. Due to this feature, these programs
are very useful in the analysis and design of many power-
combining structures.

The developed analyses of parallel-plate type, rectangular
and radial cavity combiners with coaxial probes and cylindri-
cal posts can also be useful in the design of conical and hemi-
spherical cavity combiners. In this case, the design is divided
into separate designs of central and peripheral probes. The
design of the central probe is similar to the design of a good
transition between a coaxial line and an infinite radial guide.
The design of peripheral probes is equivalent to the design of
probes in a rectangular waveguide with electric bottom and
top walls and magnetic sidewalls. This design strategy was
presented in Ref. 112.

Analysis of Spatial-Type Power Combining Structures

As in the circuit-type combiner, in order to obtain a predict-
able design of the spatial-type combiner it is important to
know the circuit equivalent parameters of these structures as
seen from the terminals of active devices. The knowledge of
these parameters is necessary to obtain suitable impedance
conditions for proper operation of active devices. As the spa-
tial-type combiner is a form of active array antenna, obtaining
the radiation pattern of the array through a suitable analysis
is also of great importance. According to the classification pre-
sented in the last section, grids, arrays of patches, or open-
ended waveguides are of concern. Determining equivalent cir-
cuit parameters for such arrays is not a trivial task, due to
usually a large number of elements, which require large com-
puting resources. To ease the complexity of the problem, sim-
plified, approximate analysis can be used. In this case, the
combiner’s symmetry can be explored.

For large arrays of identical radiating elements with per-
fect symmetry in two planes, the analysis can often be con-
fined to the unit-cell problem. For example, this concept is
explored in planar grid combiners, which is explained as fol-
lows. By assuming that the grid is infinite and active devices
are matched and synchronized in magnitude, frequency, and
phase, an identical environment is experienced by each one of
these elements. Consequently, the analysis reduces to a sin-
gle element cell. The unit cell often resembles the post or strip
waveguide diode mounting structure that was initially ana-
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lyzed in the 1970s (107). The difference with the present case
is that a perfect magnetic conductor, instead of an electric
conductor, forms sidewalls of the equivalent rectangular
waveguide. Using this equivalent waveguide approach, grids
including straight, bow-tie, and double-vee strips can be ana-
lyzed (113,114).

For finite arrays, this approximate analysis can result in a
relatively accurate equivalent circuit or the center section of
the array. This is because the elements in this section experi-
ence an environment similar to that in an infinite array. This
is not the case for the end array elements.

The absence of identical environment in a finite array
makes the in-phase, unit-cell analysis less accurate with re-
spect to the array’s radiation pattern. Due to different neigh-
boring environments, active elements may be out of phase.
This results in effective combined power losses. Additionally,
progressive phase shift between adjacent elements may result
in an end-fire operation of the array. To make the elements
radiate in the broadside direction, the elements particularly
at the array’s end may require some means of tuning.

The above example shows that for a finite size grid array
a strict electromagnetic field analysis is required to predict
its real performance. This task can be accomplished with
present-day software for the analysis of multilayer microstrip
patch antennas (97). This statement also applies to spatial
combiners using patch antennas in so-called strong-coupled
configurations.

For weakly coupled arrays of patches, the analysis of a sin-
gle element may be sufficient for an ample design of the
array. This is because impedance characteristics of the patch
are only slightly affected by their placement in an array.
However, the prediction of radiation performances of both
weakly and strongly coupled patch arrays may still require a
strict electromagnetic field analysis. For finite arrays, com-
mercial software packages may be the best answer.

Spatial combiners with open-ended rectangular wave-
guides can be handled by approximate analyses, which have
already been described for circuit-type rectangular waveguide
combiners (112). One extension, which is required in the pres-
ent application, is to include open space conditions at the ap-
ertures of these waveguides. An alternative way is to use
commercial software packages, which are able to analyze 3-
dimensional open-ended waveguide diode mounting struc-
tures. The required tasks are within the reach of the present
day commercial packages using powerful workstations (115).

APPLICATIONS

The previous sections have dealt with the classification and
analysis methods of a variety of power combining/dividing
structures. This section discusses the application of circuit-
level and spatial-level combiners to build powerful solid-state
sources. Much of this discussion is concerned with the circuit-
level power combining structures. The discussion concludes
with examples of the most impressive circuit- and spatial-
level combiners.

Solid-State Power Amplifiers Using Circuit-Level Combiners

As can be gathered from the available literature concerning
circuit-level power combining of solid-state devices, the early
structures predominantly dealt with two-terminal devices

such as the Gunn or IMPATT diodes, whose outputs were
combined to produce a more powerful source (2,3). Waveguide
cavities were mainly used as combining structures. The rea-
son was that the early stage solid-state power combiners op-
erated as oscillators. In this case, a high @ waveguide cavity
was used for the synchronization purposes.

Later developments in the field had seen the emergence of
powerful three-terminal solid-state devices, transistors. These
devices were not only able to produce a higher output level,
but also had a higher dc—RF conversion efficiency, which was
an extra advantage over their 2-terminal counterparts. While
the Gunn diode could achieve a few percent and IMPATT di-
ode could reach several percent, the transistor was able to
achieve over 20% percent dc—RF conversion rate, with 50%
its limit.

As a 3-terminal device, the transistor is better suited with
planar rather than waveguide technology. Due to its likely
broadband operation, the amplifier-mode rather than the os-
cillator-mode of operation is preferred. Using the planar ap-
proach, cascaded amplifiers with tens of watts output power
can be built. However, even at this power level, these ampli-
fiers require a good heat sink arrangement. This in turn re-
quires a suitable substrate, which has good thermal proper-
ties. Proper mounting of transistors including good quality
heat sinks is also necessary.

The cascade configuration has one advantage in that a
large amplifying factor can be achieved using even a moder-
ate number of amplifying stages. Its deficiency is that if one
of the intermediate transistors fails the entire amplifier may
also record the failure. Thus this configuration does not ex-
hibit graceful degradation and therefore is explored in build-
ing preamplifier modules. Hence, a new strategy is required
in the high-power stages to avoid catastrophic failure. Suit-
able power combining techniques can be used to achieve this
goal.

If one decides to continue with the planar technology to
build the next amplifying stage, hybrid combiners are a good
choice (39,116). At the early stage, 2-way Wilkinson combin-
ers can be used to build a corporate combining network (39).
This usually involves up to N = 4 individual modules. The
configuration of Fig. 1(b) is employed in this process. A corpo-
rate divider splits the input signal into N ways. These in turn
are input to N amplifying modules. A corporate combiner,
identical to the divider, sums outputs of these amplifiers. As
the next-size corporate combiner/divider handles 2* = 8 am-
plifiers, it is avoided due to its significant size. It has to be
mentioned that some designers prefer to use 3 dB quadrature
couplers instead of Wilkinson’s dividers to build a corporate
network (116) at this amplification stage.

Following this amplifying stage, the use of the corporate
network faces some problems. This is due to the parasitics of
isolating resistors (39) and general power losses that corpo-
rate networks incur. Dissipation of a considerable level of
power in isolating resistors creates extra problems as well.
Due to this situation, a preferable option is to share the fail-
ure between a larger number of dissipating units. A wave-
guide radial divider/combiner and its like (hemispherical and
conical combiners) provides a suitable solution (39,116). The
advantages of this device are a relatively large operational
bandwidth (almost one octave), low insertion losses, good am-
plitude and phase balance as well as good isolation, which
generally increases with the number of ports. Fine examples



of radial divider/combiner in the last stages of solid-state
transmitters have been demonstrated (33,39,40,41,42). A 110-
way radial divider/combiner was used in a 100 kW pulse L-
band transmitter (39). A 50-way radial divider/combiner was
applied in a 22 kW pulse S-band transmitter (116). A 20-way
hemispherical divider/combiner was used in 60 W and 80 W
CW Ku-band SSPAs (40,41). Similarly, a 30-way radial
divider/combiner was employed in a 26 W CW X-band SSPA
(42). The design of a 60 GHz, 16-way power divider/combiner
was presented in (33).

Solid-State Sources Using Spatial Level Combiners

The previous section has shown that circuit-level combiners
can offer the design of very reliable high-level power solid-
state amplifiers at microwave frequencies and the lower end
of millimeter-waves. However, the extension of this type of
combiners to upper millimeter-wave frequencies faces some
difficulties. This is due to the tight manufacturing tolerances,
which are required at these frequency bands. For example,
miniature coaxial probes are difficult to manufacture in some
waveguide-type combiners. Other problems are associated
with increased conductive losses. For example, the quality
factor for a resonant conductor cavity becomes low, making it
less attractive for oscillator synchronization purposes.

The requirement for low conductive losses demands that a
new generation of millimeter-wave combiners should better
utilize free space as a low-loss combining medium. At this
frequency range, transversal dimensions of combining struc-
tures, in terms of multiples of wavelength, do not create a
problem as their low frequency counterparts. This means that
a planar approach to building of spatial combiners becomes a
very feasible option. To reduce transversal dimensions, a
stack (cascade) configuration (117) can be explored. However,
at this stage of research, this solution has not found much
success due to the reduced combining efficiency (117). As the
combiner becomes an active array with a large number of
identical solid-state devices, there is no need to use the multi-
level combining approach, as for the circuit-type combiners.

A lot of early work on spatial power combiners has been
concerned with oscillators. However, many recent investiga-
tions concentrate on amplifiers. The reason is that amplifiers
offer a larger operational bandwidth. In addition, the ampli-
fier design seems to be less critical, as compared to the oscilla-
tor, knowledge of large-signal parameters of the solid-state
device is not necessary. The required small-signal parameters
are easier to obtain from measurements or the manufactur-
er’s data, making the design more predictable.

Although a large number of spatial-level combiners with
solid-state devices have appeared in the microwave literature
(60), they have to be critically viewed. This is because the
spatial combining concept is still in its exploration phase. For
example, many presented structures are only low-cost proto-
types. Often, they are formed by small-size arrays operating
at the microwave frequency band. Contrary to some expecta-
tions, spatial combiners may suffer from problems similar to
those of their circuit-type counterparts. For example, in spa-
tial resonators solid-state devices have to be properly spaced.
Otherwise, a sudden drop in the combining efficiency is ob-
served (62). Patch oscillators with a strong coupling mecha-
nism may suffer from the multimoding problem unless special
configurations are employed (87) or resistive elements are
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used (72). In addition, due to their radiative nature, spatial
combiners face problems which have not been known for cir-
cuit-level combiners. For example, a random phase distribu-
tion in weakly or strongly coupled oscillators may be responsi-
ble for significant reduction in power combining efficiency,
while progressive phase shift can lead to an undesired beam
squint (68,70-72) that effectively can be regarded as power
loss in the boresight direction.

The most impressive examples of spatial combiners con-
cern structures with the largest number of passive or active
elements. In this case, grid structures have a leading role.
Examples include 100-element MESFET and HBT amplifiers
or oscillator (74), (117), (118), a 464 element pin diode switch
(119) and a 4800 Schottky diode transmittance controller
(120), to name a few. The work to achieve higher amplifica-
tion or directional active gains with spatially combined solid-
state devices is still under way and it may take some time
before significant breakthroughs in this area take place.
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