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Abstract—Analytical and experimental results are presented
that demonstrate the advantages of replacing the metal mir-
ror of a C-band transistor-grid oscillator with two types of
selective-feedback mirrors. The first mirror is a two-dimensional
photonic crystal, whose frequency-, polarization-, and reflectivity-
dependent characteristics result in higher radiated power, lower
cross polarization, and improved locking. The second is a diode-
loaded grating functioning as an electronically tunable mirror,
which allows the oscillator to be amplitude-modulated.

Index Terms—Photonic crystals, quasi-optical arrays.

I. INTRODUCTION

AGRID OSCILLATOR consists of an array of solid-state
devices loading a metal grating that is etched onto a

dielectric substrate [1]. When properly designed, the grid ra-
diates a linearly polarized wave whose power is the combined
output of each device. Such quasi-optical power-combining
schemes overcome the limited power-handling capability of
semiconductor devices [2].

Among the most important figures-of-merit of a grid oscil-
lator array are the oscillation frequency, power, directivity,
harmonics, polarization, and noise. In practice, optimizing
each of these characteristics simultaneously is difficult, since
changing one design parameter (e.g., the unit-cell geometry,
substrate permittivity, or mirror spacing) to improve one
characteristic could adversely affect another one. Increasing
the substrate thickness, for example, can lead to higher power,
but can also result in the excitation of multiple modes [3].
Conversely, an electrically thin substrate can eliminate high
sidelobes [4], but does not necessarily yield maximum power.

Part of the difficulty arises from the inherent design con-
straints associated with conventional grid-oscillator topologies,
for example, in assuming that one must use a metal mirror.
In this paper, the constraint of using a metal mirror with
fixed reflectivity for all frequencies and polarizations is re-
moved. Instead, the metal mirror is replaced with two different
selective-feedback mirrors that are frequency-, polarization-,
and reflectivity-dependent. Fig. 1 illustrates the idea with
a photonic-crystal mirror and a tunable frequency-selective
surface.

Both of these mirrors have the following selective-feedback
properties that make them an attractive substitute for the metal
reflector in a grid oscillator.

• Frequency Dependence: By designing the reflector to
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Fig. 1. A grid oscillator using a (a) metal reflector, (b) a photonic-crystal re-
flector, and (c) an electronically tunable reflector. For unidirectional radiation,
an absorbing sheet can be placed on the backside in cases (b) and (c).

be frequency-dependent, only the desired mode in an
otherwise multimoded grid builds up. This is important,
for example, in pulsed operation, in which the oscillator
should always turn on at the design frequency.

• Polarization Dependence: By designing the reflector to
be polarization-dependent (reflecting only the vertical
polarization back to the transistor array in Fig. 1), the
cross polarization ratio can be improved.

• Variable Reflectance: Both of the alternative mirrors dis-
cussed here can be designed to have stopbands with
sloping bandedges. By allowing the oscillator to operate
along the edge of the stopband, the optimum feedback
level for maximum power can be selected.

Section II discusses a technique for modeling grid oscillators
with different mirrors. Results for a grid oscillator with a metal
reflector, a photonic-crystal reflector, and an electronically
tunable reflector are presented in Sections III–V, respectively.

II. M ODELING APPROACH

A grid oscillator can be modeled as the interconnection of
two separate two-port networks, one representing the transis-
tor and the other representing the embedding circuit, which
consists of the metal grating, dielectric substrate, mirror, and
free space. The embedding circuit is most often obtained from
an analysis based on the unit-cell approximation [1], [5].
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Fig. 2. (a) Equivalent circuit for analyzing grid oscillators, and the different
types of mirrors analyzed. (b) Metal reflector. (c) Photonic-crystal reflector.
(d) Electronically tunable reflector. Free space is modeled as a 377-
 resistor.
The circulator is used to determine the circular functionC of the circuit.

A more flexible approach is discussed in [6], and later
modified in [7] and [8], in which the embedding circuit is
modeled as a four-port network that characterizes the metal
grating and dielectric substrate alone. Two additional ports
represent the free space in front and in back of the grid. Access
to the free space allows for cascading of grids, or in this paper,
the investigation of different types of mirrors, as shown in
Fig. 2. A conventional metal reflector is modeled as a short
circuit, a photonic-crystal reflector as a two-port network, and
an electronically tunable reflector as a three-port network.

A loop-gain analysis determines whether the circuit satisfies
the oscillator startup, steady-state, and maximum-power condi-
tions at the design frequency. This can be conveniently carried
out using circular-function [9] analysis on a microwave-circuit
simulator. Circular-function analysis of an oscillator is sum-
marized in Fig. 3. Plotted on the-axis is the magnitude of the
circular function when its phase is an integral multiple of.
If the circular function has a magnitude less than one, no oscil-
lation is possible, as there is not enough positive feedback. The
solid line indicates an optimum circular function at which the
feedback level is set to yield maximum oscillator power [3]. If
the oscillator has a circular function above this line, the power
will be less than the maximum possible because the feedback
level is too high. Below this line, the feedback level is too low.

To demonstrate how the type of mirror affects the feedback
level, a proof-of-concept series of experiments was carried out
using inexpensive, low-power transistors (HP-Avantek ATF-
35576 pHEMT’s). The optimum circular function for this
transistor is shown in Fig. 4 as a solid line. A 5 5 grid
oscillator was designed using a full-wave technique [5]. The
period of the grid is 8 mm with 1-mm-wide bias lines and
radiating leads, and is printed on a 2.54-mm-thickDuroid
substrate with

Fig. 3. The optimum circular function concept. The circular function is
dependent on theS-parameters of the transistor and the embedding network,
and for simplicity is shown here as a linear function of frequency.

Fig. 4. Circular function versus frequency for the HP-Avantek ATF-35576
pHEMT. The optimum circular function is shown as a solid line. The dots
represent grids with different types of mirrors discussed in the text.

III. M ETAL REFLECTOR

With a metal reflector placed directly behind the substrate,
the grid oscillates at 4.6 GHz with an equivalent isotropic
radiated power (EIRP) of 0.07 W, a cross-polarization ratio of
11 dB and a second-harmonic level of9 dBc. To improve the
performance, a 12.7-mm-thick layer ofStycast HiK
was inserted between the substrate and mirror. Increasing the
substrate thickness had the effect shown in Fig. 5(a), in which
the oscillator initially turns on with competing oscillation
modes at 4.1 and 6.2 GHz, an effect which is also predicted by
circular-function analysis, as shown in Fig. 5(b). The oscillator
locks to the 6-GHz mode only after the gate bias is readjusted,
yielding a higher EIRP of 0.20 W, a larger cross-polarization
ratio of 18 dB, and a lower second-harmonic level of20
dBc [Fig. 5(c)]. Despite this improved performance, Fig. 4
suggests that the feedback level is still too high.

IV. PHOTONIC-CRYSTAL REFLECTOR

The results of Section III showed that for this particular
transistor and unit-cell design, a thicker substrate allowed
the oscillator to move closer to its optimum feedback level.
However, this is also accompanied by the introduction of other
potential oscillation modes. Changing the substrate thickness
also results in a change in the oscillation frequency, making it
necessary to redesign the unit-cell dimensions if a particular
oscillation frequency is desired. To address these problems,
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Fig. 5. Grid oscillator with a metal reflector showing (a) the measured
spectrum when initially turned on, (b) the simulated circular function showing
competing oscillation modes, and (c) the locked oscillator after the dc bias
is adjusted.

the metal reflector was replaced with a photonic crystal (PC),
while keeping the substrate thickness the same. The PC was
also designed at a specific frequency to determine whether the
grid could be forced to oscillate at that frequency.

A. Photonic Crystal Characteristics

A photonic crystal [10] is an artificial dielectric structure
whose electromagnetic dispersion relation has a band structure
similar to that of electrons in a crystalline solid. Stopbands and
passbands in frequency arise from constructive interference in
reflection or transmission, respectively. For the PC in Fig. 1(b)

Fig. 6. Measured transmission characteristic of the photonic crystal. The
arrow indicates the oscillation frequency of the grid at 5.4 GHz.

to replace the metal reflector in Fig. 1(a), it should have a
stopband at the desired oscillation frequency.

The PC was designed for a 4.7–5.8-GHz stopband using
an atlas of two-dimensional PC’s [11]. The PC topology
consists of a square lattice of air columns (lattice constant

1.56 cm, radius cm) in Stycast HiK .
The PC was specifically designed to have a transverse-electric
(TE) stopband [11] to reflect only the copolar component
of the oscillator, whose vertically polarized electric field
is transverse to the crystal-plane normal of Fig. 1(b). The
cross-polar component, whose electric field is parallel to
the crystal-plane normal, would not be affected by the TE
stopband. An absorbing sheet on the back of the PC terminates
such undesired back-radiation.

The transmission characteristic of the PC was measured
using a network analyzer and a pair of wideband horn an-
tennas. Fig. 6 indicates a 25-dB transmission null at the
design frequency. This null was nonexistent when both horns
were rotated 90, demonstrating that the stopband was indeed
polarization-dependent.

B. Experimental Results

When the metal reflector was replaced with the PC, the
unlocked spectrum of Fig. 5(a) was no longer observed. In
fact, Fig. 7 shows that the oscillator immediately locks to 5.4
GHz (a frequency that is within the stopband of the crystal)
upon applying the dc bias. This result compares favorably with
the circular-function simulation shown in Fig. 8.

The fact that this single-mode oscillation occurs within the
stopband of the PC has promising implications in the design
process. Designing a grid is often an iterative process. To
a large extent, the unit-cell size determines the oscillation
frequency. Maximizing the power may dictate varying the
substrate characteristics, but this also affects the oscillation
frequency, requiring a readjustment of the unit-cell size. Sev-
eral such iterations may be necessary to complete the design.
Employing a PC-reflector offers greater flexibility by widening
the design-parameter space. For example, if the PC stopband is
designed to set the oscillation frequency, the unit-cell geometry
and substrate characteristics can be left to address other issues,
such as suppressing substrate modes [4], without affecting the
frequency.
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Fig. 7. Measured spectrum of the grid oscillator with a photonic-crystal
reflector.

Fig. 8. Simulated circular function of a grid oscillator with a photonic-crystal
reflector.

TABLE I
COMPARISON OF METAL VERSUS PC REFLECTOR

Table I summarizes the results comparing the grid oscillator
with a metal reflector versus a PC reflector. With the PC,
the cross-polarization ratio at boresight increases by 4 dB, an
improvement that we attribute to the polarization dependence
of the crystal.

Fig. 9 compares the radiation patterns for the two cases. An
estimate of the gain based on the 3-dB beamwidths reveals
that it is nearly the same for both configurations. Since EIRP
is the product of output power and gain, the fact that the
EIRP for the PC case is higher than that of the metal-reflector
case suggests that the grid oscillator with the PC is actually
delivering higher output power. While it is true that the drain
current for the PC-reflector case was 1.7 times higher than the
metal-reflector case, this is not sufficient to explain the nearly
three-fold increase in EIRP indicated in Table I.

The reason for the power increase can be explained from
the theory in [3]. For the thickness ofStycastused in this
experiment, circular-function analysis reveals that placing a
metal reflector on the back of theStycastyields a feedback
level that is too high, resulting in a power level that is less than

(a)

(b)

Fig. 9. Measured patterns of the grid oscillator with a metal versus pho-
tonic-crystal reflector. (a)H-plane. (b)E-plane. The solid line represents the
copolarization, and the dashed line represents the cross polarization.

optimal. Replacing the metal reflector with a PC introduces a
mechanism for reducing this feedback. Fig. 6 illustrates the
idea. If the oscillation frequency lies in the center of the
stopband, where the transmission is a minimum (and reflection
is a maximum), then the power reflected back to the grid
from the crystal may be too high, resulting in excessive gain
compression of the transistors. However, if the oscillation
frequency lies on the bandedge, as it does in Fig. 6, the
feedback level is reduced, the devices are less compressed, and
the output power increases. This is also seen in Fig. 4, where
the circular function of the grid with a PC reflector is much
closer to the optimum than the grid with a metal reflector.

V. ELECTRONICALLY TUNABLE REFLECTOR

In [12], a quasi-optical voltage-controlled oscillator is re-
alized by placing a varactor-diode grid in the near field of a
transistor grid, with a metal reflector located some distance
away. By adjusting the dc bias of the diode grid, the transistor
grid’s oscillation frequency varies continuously over a 10%
bandwidth.

This section discusses a different application of a cas-
caded pair of transistor and varactor-diode grids, in which
the oscillator’s power is electronically tuned while maintain-
ing a constant frequency. As shown in Fig. 1(c), the metal
reflector is replaced with a varactor grid, which serves as a
variable-feedback mirror that provides amplitude modulation.
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Fig. 10. Measured transmission characteristic of the varactor-loaded grid.

In contrast to the configuration in [12], the diode and transistor
grids here are separated by an electrically thick substrate, so
that frequency tuning is minimized.

A. Reflector Measurements and Modeling

A 5 5 diode grid was fabricated on 1.27-mm-thick
Duroid with . The layout was identical to the
transistor grid described in Section II, but with just two
bias lines per row of devices instead of three. Metelics
MSV-34 varactor diodes were loaded onto the grid. Free-
space transmission measurements in Fig. 10 indicate that the
resonant frequency of the grid could be electronically tuned
over a 10% bandwidth. Another way of interpreting this
plot is to say that the transmission (or reflection) can be
electronically tuned at a fixed frequency. For example, dc-bias
tuning provides a 7-dB transmission tuning range at 7 GHz.

Following the approach outlined in Section II, the diode
grid is modeled as a three-port network as shown in Fig. 2(d).
To simulate the free-space measurement described above, two
of the ports are connected to 377-resistors representing
free space, and the remaining port connected to a diode
model. For simplicity, capacitors of different values were
used to simulate the dc-bias control of the diode junction
capacitance. The values of the capacitors were chosen such
that the simulated resonant frequencies matched the measured
resonant frequencies of Fig. 10.

B. Amplitude Modulation

Once the capacitor values corresponding to diode voltage
were selected, a circular-function analysis was performed for
the circuit of Fig. 2(a), with the three-port network of the
diode grid serving as the mirror. As the capacitance value
was decreased, simulating an increase in the reverse diode
voltage, the oscillation frequency varied from 6.48 to 6.50
GHz, a difference of less than 1%. However, the magnitude
of the circular function varied from 1.0 to 1.5. From Fig. 4, we
note that increasing the reverse diode voltage has the simulated
effect of increasing the feedback toward the optimum level.
Therefore, we should expect the power to increase with reverse
voltage, with a negligible change in frequency.

Fig. 11. Measured oscillator power as a function of reverse diode voltage.
The oscillation frequency is constant at 7.13 GHz.

This is exactly the situation that was observed experimen-
tally. With the varactor diodes biased at 0 V, the oscillator
locked at 7.13 GHz, which is near the resonant frequency of
the diode grid (Fig. 10). The reverse bias voltage was then
increased, and the oscillator EIRP was observed to steadily
increase (Fig. 11). The oscillation frequency for all bias points
remained within 1% of 7.13 GHz, but the power changed by
nearly 10 dB.

This demonstrates how amplitude modulation could be con-
veniently implemented in a grid oscillator. Instead of applying
the modulating signal through the dc bias of the transistor grid,
which is often so sensitive to bias as to occasionally unlock
[Fig. 5(a)], the modulation could be applied as a control signal
to the mirror. The carrier frequency remains constant, but the
amplitude varies as a function of the mirror’s feedback.

VI. CONCLUSION

Replacing the metal reflector with a selective-feedback
reflector was shown to improve the performance and simplify
the design of grid-oscillator arrays. Using a photonic-crystal
reflector resulted in higher radiated power, lower cross po-
larization, reduced harmonic content, and improved locking.
Using a varactor-diode reflector resulted in electronic power
control with negligible change in frequency.
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[1] Z. B. Popović, R. M. Weikle II, M. Kim, and D. B. Rutledge, “A 100-
MESFET planar grid oscillator,”IEEE Trans. Microwave Theory Tech.,
vol. 39, pp. 193–200, Feb. 1991.

[2] J. W. Mink, “Quasi-optical power combining of solid-state millimeter-
wave sources,”IEEE Trans. Microwave Theory Tech., vol. MTT-34, pp.
273–279, Feb. 1986.
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