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Abstract—A new spatial power amplifier is presented in which
power is spatially combined within a TEM waveguide using a
low-loss transition array of -plane integrated finlines to mi-
crostrip lines. The TEM-mode waveguide is implemented using a
periodically patterned surface called a uniplanar compact electro-
magnetic bandgap (UC-EBG) structure. Our designed -band
back-to-back transition array demonstrates a maximum return
loss of 17.5 dB and a maximum insertion loss of 0.65 dB. The
TEM waveguide is found to have a 1-GHz bandwidth centered at
14.5 GHz. Tuning of the center frequency may be accomplished
via an active UC-EBG structure that incorporates varactor
diodes. The use of the UC-EBG surface allows more power cards
to be inserted within the TEM waveguide since the amplifier
cells saturate uniformly. The spatial power combiner is used to
combine the output powers of 12 20-mW monolithic-microwave
integrated-circuit amplifier chips. The designed power module
yields an output power of 23.15 dBm and a combining efficiency
of 86%. A comparison between the passive and active UC-EGB
surfaces is experimentally demonstrated.

Index Terms—Electromagnetic bandgap (EBG) structure,
finline, power amplifier (PA), spatial power combiner, TEM
waveguide, tunable device, varactor.

I. INTRODUCTION

POWER amplifiers (PAs) are crucial in the design of wire-
less communication systems and, in particular, transmitter

hardware. PAs can generally be made to have high-performance
characteristics at low microwave frequencies, however, they are
still limited in power and are difficult to design at higher mi-
crowave and millimeter-wave frequencies. This has stimulated
a special interest in finding alternative solutions.

A well-justified potential technique is spatial power com-
bining [1], for example, the tray-type of quasi-optical archi-
tecture. A remarkable advantage of using such an approach is
that the insertion loss usually does not increase by increasing
the number of amplifier elements or cells. This can be very at-
tractive for the design of high-power systems in which a large
number of low-power devices are combined. This is in fact a
typical scenario at higher microwave and millimeter-wave fre-
quencies for which a single-element high-power device may not
be available or simply too expensive to use.
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A number of approaches to solving this problem were pro-
posed [2]–[5]. In [2]–[5], a broad-band spatial power combining
technique using dense finline arrays was proposed and output
powers ranging from 20 to 120 W were demonstrated at the

-band. This technique, however, is limited in the number of
active devices that may be combined due to the nonuniform

electric field profile across the waveguide. To increase
the maximum number of power cards in the waveguide, a tech-
nique has been developed [6] in which an oversized combiner
was designed to accommodate more cards. In this case, both the

and modes propagate; however, by using a sym-
metric loading of the structure, modes of odd symmetry such as
the mode can be effectively suppressed.

Recently, a periodically patterned surface called a photonic
bandgap (PBG) or electromagnetic bandgap (EBG) structure
has been useful in enhancing the performance of microwave cir-
cuits. A uniplanar compact electromagnetic bandgap (UC-EBG)
structure was presented for various applications [7], [8]. In [9],
a TEM waveguide using this periodic structure was developed.
This structure realizes a magnetic surface in its stopband and
is used to replace the two bilateral waveguide walls so as to
satisfy a magnetic boundary condition. In this way, the TEM
modal condition is satisfied in the rectangular waveguide, and
a relatively uniform field distribution along the cross section
can be obtained over a narrow bandwidth. This problem of
bandwidth may impair the advantages of the proposed TEM
waveguide solution.

The UC-EBG structure is in fact a class of planar frequency-
selective surfaces (FSSs). Active FSS concepts were described
earlier in [10]. In one case, active FSS elements incorporating
p-i-n diodes were used to switch the frequency response from
that of a reflecting structure to one of a transmitting structure.
In another case, the FSS was printed on a ferrite substrate, and
the application of a dc bias field to the ferrite allowed for the
tuning of its resonant frequency by several gigahertz.

In this work, a novel spatial PA designed with both passive
and active TEM waveguides is presented. In Section II, the
characteristics and realization of both passive and active perfect
magnetic conductors (PMCs) are presented. In Section III,
the design of tapered finline arrays and, more importantly,
the design of a new low-loss transition between finlines and
microstrip lines is presented. This same transition can also be
used to excite the nonconventional TEM waveguide. Section IV
illustrates the fabrication and measurement aspects of the
spatial waveguide PA and integrates the different components
discussed in the previous sections.
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Fig. 1. Periodic pattern design of the UC-EBG and its experimental
characterization techniques.

II. DESIGN AND MEASUREMENTS OF THE PERIODICALLY

PATTERNED STRUCTURE

A. Passive UC-EBG

Fig. 1 illustrates the UC-EBG surface and the measurement
technique that was employed. This structure is a two-dimen-
sional (2-D) periodic lattice patterned on a metallized dielectric
substrate. The surface impedance of the proposed structure is
frequency dependent and may be modeled as a distributed LC
network with specific resonant frequencies ( ). At these fre-
quencies, the periodic loading becomes an open circuit and an
equivalent magnetic surface is thus created. This phenomenon
can be examined through experiment by measuring the reflec-
tion coefficient. The phase of the reflection coefficient of a PMC
should exhibit a difference of 180 compared to that of a perfect
electric conductor (PEC).

To verify this property, an intact copper sheet (PEC) and
a UC-EBG surface (PMC), both fabricated on a conductor
backed substrate (Duroid 6010) with a dielectric constant of
10.2 and a thickness of 25 mm, were utilized. Fig. 2 illustrates
the difference in the angle of the reflection coefficient between
the EGB and PEC surfaces. The measurements were performed
with an Agilent HP8510 network analyzer. The analyzer was
calibrated with a standard coaxial calibration kit. The procedure
adopted to measure the phase difference between an electric and
a magnetic surface is shown in Fig. 1. The two printed circuits
are placed directly on the flanges of the WR62 waveguide to
coaxial adapters. The reflection coefficients are measured at
ports 1 and 2 (port 1 is the magnetic surface and port 2 is the
electric surface). The network analyzer then computes the phase
difference. As can be seen, a 180 phase difference occurs at
approximately 14.4 GHz, indicating that a magnetic surface
has successfully been realized. A theoretical simulation based
on a commercial HFSS package is also illustrated in Fig. 2.
It is in excellent agreement with that obtained experimentally.
The discrepancy of approximately 3% might be the result of
the perfect conductor assumption and dielectric consideration
in the HFSS simulations.

Fig. 3 illustrates the transmission coefficient of a waveguide
that incorporates UC-EBG surfaces at its bilateral sides. There
are no particular transitions between the waveguide and

Fig. 2. Measured and simulated results of phase difference in the reflection
coefficient between the EBG surface and a metallic plate for a planar wave
incidence.

(a)

(b)

Fig. 3. Measured transmission coefficient S in the waveguide using the
UC-EBG surface. (a) Setup for S measurement. (b) Measured and simulated
results.

the TEM waveguide. As shown in Fig. 3, the waveguide behaves
as a stopband filter over a frequency band of approximately
1 GHz. It is thus necessary to design a transition to excite a TEM
mode in the waveguide. This will be discussed in Section III.
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Fig. 4. Equivalent circuit for a varactor-based active periodic cell.

B. Active UC-EGB

The active UC-EBG consists of a large number of periodic
cells embedded with active devices such as varactor or p-i-n
diodes. In the present work, the varactor was chosen as the active
element. Each diode in the array can be modeled by an equiva-
lent electronic network in addition to the inherent impedance of
the metal pattern of each unit cell. By assuming an infinite grid
with a uniform plane wave normally incident upon the grid, the
symmetry and periodicity of the structure allow us to replace
the walls of the unit cell in the grid with electric and magnetic
walls to form an equivalent unit-cell waveguide. Therefore, the
analysis of the entire grid can be reduced to a simpler analysis
of the equivalent unit-cell waveguide.

For a TEM incident wave with a vertically polarized electric
field, the unit-cell waveguide has magnetic walls on both sides
and electric walls on the top and bottom. The propagating modes
in the unit-cell waveguide include a TEM mode and the evanes-
cent modes coupled to (or generated by) currents flowing in the
metal patterns. Note that the mode generates both longitu-
dinal and nonlongitudinal currents while the current of the TEM
mode has only a longitudinal component. This current disconti-
nuity is responsible for the modal mismatch and the generation
of higher order evanescent modes that are quickly attenuated
within the waveguide. The current paths are limited in the unit
cell by symmetry and cell topology. Therefore, the geometry
of the cell is one of the critical issues in the design of a TEM
waveguide that is poised to minimizing the effects of the other
unwanted modes. A general rule is to guarantee a continuous
longitudinal current flow while minimizing the flow of nonlon-
gitudinal currents.

The equivalent unit-cell waveguide incorporating the varactor
diodes can be represented by a simple transmission-line model.
This model can be used to assess the performance of the en-
tire grid as long as we know the equivalent circuit of the ac-
tive device and the embedded impedance of the metal pattern.
The equivalent circuit of the UC-EBG circuit proposed in [12]
is showed in Fig. 4. To determine the equivalent circuit, we used
a commercial software package HP-HFSS, a 3-D finite-element
electromagnetic wave solver. Fig. 5 shows the structure to be
simulated. Port 1 is the front port of the unit-cell waveguide and
port 2, the driving point of the diode, is connected to a short
section of a rectangular coaxial waveguide. The short section
of this rectangular coaxial waveguide connected to the driving

Fig. 5. The unit-cell waveguide used in HFSS simulations to extract the
equivalent circuit.

point is well defined with a known propagation constant and
waveguide impedance. Simulations over the frequency range of
interest are carried out to calculate the parameters. Postpro-
cessing on the parameters is required to remove the effects of
the coaxial waveguide, namely, de-embedding the phase shift
and renormalizing the -parameter matrix.

The varactor diode used in our experiments is MA46580 from
M/A-COM. The equivalent circuit of this diode is extracted
using HP Integrated Circuit Characterization and Analysis Pro-
gram (IC-CAP). The diodes were connected in the direction
and the bias lines were introduced perpendicular to the electric
field. Fig. 6(a) shows the experimental setup of the wave scat-
tering measurements made on the active UC-EGB surface. In
Fig. 6(b), the measured and simulated resonant frequency ( )
of the active surface is plotted against the reverse bias voltage
applied to the varactor diode. Simulated results based on the
model show a good agreement with the measurements. It is ap-
parent that the frequency of resonance can be tuned from 14.55
to 16.56 GHz.

III. DESIGN OF SPATIAL POWER COMBINER IN A WAVEGUIDE

The topology of the broad-band spatial power combiner is
based on the work of Cheng et al. [2]. As illustrated in Fig. 7, this
combiner consists of a 2-D array of finline antennas in the form
of tapered slotline sections with transition to microstrip lines.
These cards are mounted onto a thin metal test fixture for me-
chanical stability and heat removal, and then inserted in a stan-
dard -band waveguide. The finline antenna sections serve as
impedance-matching transformers between the microstrip line
and the TE waveguide. Our design is based on the theory of
small reflections as well as the analytical results of Klopfen-
stein’s taper,as detailed in [11]. HFSS was used to analyze the
finline array structure to obtain the relation between the physical
dimensions of the structure and the input impedance and propa-
gation constant. The finline was fabricated on a Duroïd substrate
with a dielectric constant of 2.22 and a thickness of 10 mm. The
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(a)

(b)

Fig. 6. Investigation of tunable UC-EBG surface. (a) Setup for the reflection
coefficient measurement. (b) Measured and simulated frequency of resonance
of the active UC-EBG surface.

Fig. 7. Tray-type topology of the spatial power combiner housing multiple
cards.

design of the impedance-matching network between the finline
and the microstrip line was inspired by the work carried out on
the transition between microstrip lines and slotlines. The tran-
sition considered here is sketched in Fig. 8. Due to our current
fabrication restriction, the smallest gap that we can obtain for

Fig. 8. Transition design between the finline and microstrip line.

Fig. 9. TEM-mode launcher for experimental characterization of the
TEM-mode waveguide.

the finline is 6 mm. This corresponds to a line with a char-
acteristic impedance of approximately 117 . The dimensions
were chosen for a center frequency of about 15.25 GHz. The mi-
crostrip transition line width and stub length were respectively
selected as mm and mm to obtain a
characteristic impedance of 116 . For the finline, the width is

mm and the stub length is mm. To trans-
form the impedance to 50 , a quarter-wave transformer
with characteristic impedance of 76.2 was used. The dimen-
sions of this line are mm and m. The
test circuit is schematically illustrated in Fig. 9. The measured
return and insertion losses of the back-to-back transitions are
shown in Fig. 10. The return loss is better than 17.5 dB for the
entire waveguide band. The maximum insertion loss is 0.65 dB.
It is worth mentioning that theoretically there is no upper limit
for the bandwidth of the gradual taper line. The bandwidth is ac-
tually limited by the transition between the microstrip line and
the finline and by the choice of waveguide.

IV. MEASUREMENTS OF THE PROPOSED AMPLIFIER

A. Passive TEM Waveguide

To effectively launch the TEM mode in the waveguide, the
same transition between the finline and microstrip was used.
This avoids the use of a special transition between the
waveguide and the TEM waveguide. The topology of the finline
is recalculated in this case to account for the new impedance
profile of the TEM waveguide. A broad-band response with a
low return loss ( 16 dB) has been obtained.

To obtain a better understanding of the effects of replacing
the bilateral walls of the waveguide with the UC-EBG surfaces,
two designs were realized. The first design used six power cards
inside the waveguide without the UC-EBG surfaces, whereas
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(a)

(b)

Fig. 10. Measured results of the transition between finline and microstrip line.
(a) Return loss. (b) Insertion loss.

the second utilized the UC-EBG surfaces to create the TEM
waveguide. Each card contains two low-cost MMIC (GaAstek-
ITT3502D) amplifier cells, each producing an output power of
20 mW. The distance between the cards was set at 80 mm.
Fig. 11 displays the measured results of the output power versus
the input power. This measurement was taken at 14.75 GHz,
within the operable range of the UC-EBG surface. It is noticed
that including the UC-EBG surfaces increased the output power
by 1.5 dBm. This can easily be explained by the fact that, due to
the more uniform distribution of the field with the TEM wave-
guide, the amplifier cells on the power cards compress or satu-
rated almost simultaneously, whereas in the TE waveguide the
amplifier cells that are more centrally located start to compress
before the other cells.

The efficiency of the whole power combining system is equal
to the efficiency of the amplifier cell multiplied by the loss of the
passive combiner when the gain of the amplifier cell becomes
very large. The combiner loss can be calculated by the following
equation using -parameters of a through line measurement:

(1)

Our average combining loss of 0.65 dB indicates that a com-
bining efficiency of better than 86% can readily be achieved.

Fig. 11. Measured output power with and without UC-EBG surfaces at
14.75 GHz.

Fig. 12. Measured output power of a waveguide amplifier with and without
active UC-EBG surfaces.

B. Active TEM Waveguide

The same passive structure was used to build the active
TEM waveguide amplifier. The difference is that the UC-EBG
surface incorporates the electronically tunable varactor diodes.
Fig. 12 shows a comparison between the measured output
power of the active UC-EBG amplifier and the same amplifier
without the UC-EBG surfaces. An increase in the output power
of 1.0–1.25 dBm is observed over the frequency range of
14–17 GHz. The voltage was tuned for each measurement.

The varactor diodes introduce an additional loss of 0.25 dB
that effectively reduces the combining efficiency to 82.2%;
however, the effective bandwidth is increased by 2 GHz.

V. CONCLUSION

This work has demonstrated the use of passive and active
TEM waveguides in the design of an improved spatial power
combiner. This novel design incorporates a UC-EBG surface, to
effectively create the TEM waveguide, and improves the output
power by 1.5 dBm over a 1-GHz bandwidth when the MMIC
amplifiers are driven close to their compression points. An ac-
tive UC-EBG surface may be used to increase the bandwidth to
3 GHz; however, the additional loss introduced by the varactor
diodes reduces the output power by 0.25 dB for an improvement
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of 1.25 dBm. This increase in the output power is significant in
the higher microwave and millimeter-wave frequencies where
this technique is often employed.
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