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Analysis and Optimization of Grid Oscillators

Wayne A. ShiromaMember, IEEE and Zoya Basta PopdyiMember, IEEE

Mirror Substrate

Abstract—A method for assessing and optimizing the feed-
back level in a transistor-grid oscillator is presented. Based on
the approximate large-signal S-parameters of the transistor, an
equivalent circuit model for the grid is synthesized for maximum
oscillator power. The resulting circuit serves as a convenient
benchmark for determining the level of feedback for a given grid.
Experimental results are presented for five different grid oscil-
lators covering S through K« bands. By varying the substrate
thickness and metallization pattern of the grid, the feedback
can be optimized in accordance with the theory. A grid with
an asymmetric unit cell is shown to deliver almost 60% more
effective radiated power (ERP) than a grid with a symmetric Fig 1. A grid oscillator, consisting of an active-device array placed within
unit cell. a Fabry—Perot cavity.
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Index Terms— Active arrays, millimeter-wave oscillators,
millimeter-wave power dividers/combiners, quasi-optical arrays. Designing a grid oscillator requires that the steady-state
oscillation condition [4] be met. In addition, for a power-grid
design, the load resistance must be optimized and the feed-
. , back level adjusted so that the device operates at maximum
G RID oscillators are large-scale power combiners thaber-added efficiency [5]. To meet all of these constraints

have shown promise for realizing moderate to highsimitaneously at the desired oscillation frequency, the grid

power millimeter-wave sources [1]-[3]. A grid oscillator iSjjmensions, substrate parameters, metallization pattern, and
shown schematically in Fig. 1, where a metal grating is loadgrror positions must be adjusted iteratively. Even with the
Wlth. elther two- or three_—terml_nal solid-state devices. Th_&'ld of equivalent circuit models, this process can be quite
grating is etched on a dielectric substrate and has a perigdious and time consuming.
much smallgr than a free-space wavelength. The yertical leadshis paper describes a synthesis procedure that not only
of the grating serve as antennas, and the horizontal legqSyrporates the oscillation condition, but also optimizes
as dc bias lines. If properly designed, the bias lines do n@f feedback level and load impedance of a grid oscillator.
affect the high-frequency performance of the active grid, as t@.ction 11 begins by describing how the circular function [6]
radiated electric field is vertically polarized. A mirror is place%ccurately models grid oscillators. It also discusses how a
behind the grid to provide the positive feedback Necessaiid can be reduced to an equivalent two-port embedding
for oscillation. A partially transparent reflector is sometimescit that can be used to analyze a grid from the standpoint
placed in front of the grid. This configuration is analogous tg; negative resistance. Section Ill presents a method for
a Fabry—Perot cavity laser, where the active grid serves as f}imizing this embedding circuit to maximize oscillator
gain medium. . S power. This optimum circuit, together with its associated

When dc bias is applied, an oscillation is triggered byircylar function, is used as a benchmark for assessing and

transients or n_oise, and each dev?ce oscillates at_a diﬁerﬁﬂbroving the performance of several experimental grids in
frequency. An incoherent wave radiates from the grid, refleci$.tions Iv and V.

off the mirrors, and injection-locks the oscillating devices.

At the onset of oscillation, different cavity modes compete, I
as in a laser. Since most grid oscillators use IQwinstable

Fabry—Perot resonators, the mode with the lowest diffractigm Circular-Function Analysis

loss most likely dominates [3]. After a few round trips, the ) ) _
higher order modes lose most of their power to diffraction, Grid oscillators are most often analyzed using the unit-cell

resulting in a single-frequency self-locked coherent oscillatioffPProximation [1], in which it is assumed that the grid is
infinite in extent and that the devices oscillate at the same
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Fig. 3. Feedback oscillator with a circuit probe inserted into the feedback
path.
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Fig. 2. (&) Unit cell of a grid oscillator with the transistor and passive grid 5'11 Sy
separated. (b) Feedback-oscillator model consisting of the embedding network
and the transistor modeP;,, and P+ represent the input and output power 1 b 5'12 o
1 2

of the transistor, respectively. The power dissipated in the embedding network

FPour — Pin Is the actual power radiated by the grid oscillator. Fig. 4. Signal-flow graph for the feedback oscillator with a circulator probe.

The dashed box encloses the signal-flow graph for the circulator.
and device model can be represented as two-port networks,
where the ports represent, for example, the gate—source an
drain—source ports of a MESFET. A grid oscillator can then B ) ) )
be viewed as a quasi-optical implementation of a two-port oo W SuSh + 908, — (S8 3)

feedback oscillator [see Fig. 2(b)]. al 1= 1S125 — 82255,

The generalized steady-state oscillation condition [4] of qgte that wherC' = 1/0°, (3) is equivalent to the steady-state
n-port feedback oscillator is oscillation condition (2).

If (3) is evaluated using the transistor's small-signal
"-I)=0 1 L .
det(SS ) @) S-parameters, oscillation start-up requires th@t > 1. To

whereS andS’ are then-port scattering matrices of the devicd®ach steady state, gain compression causes the transistor
and embedding networks, respectively. S-parameters to saturate until the conditich = 1/0° is

Forn = 2, as in Fig. 2(b), (1) reduces to satisfied at the oscillation frequency.
Fig. 5 illustrates the circular-function analysis of two grid
S11571 + S125%; + 521575 + 52255, — [S||S'| =1  (2) oscillators with identical unit cells, but with different substrate
and mirror characteristics. Fig. 5(a) shows the circular function
where for atransistor-loaded grid in free space, with no dielectric sub-
strate or mirror. Since the magnitude of the circular function
S| = 511522 = 512521 is less than one, no oscillation is possible. However, when the
grid is backed by a 6.35-mm-thick substrate with= 10.2,
two modes are predicted at 2.8 and 6.5 GHz [see Fig. 5(b)].
S| = 4,850 — 57555, This agrees with measured oscillation modes at 2.7 and 6.4
GHz (Fig. 6).

A circuit simulator can be used to analyze this closed-loop Another example is a monolithic 100-element pseudomor-
circuit by breaking the loop at some point and inserting hic high electron-mobility transistor (100-pHEMT) grid os-
probe (Fig. 3). The simulator then determines the loop gatillator that was designed by the University of Colorado,
by /a{. If a standard circulator is used as the probe, the sign&kbricated by Honeywell, and tested by TLC Precision Wafer
flow graph in Fig. 4 results. Applying Mason'’s rule [8] to thisTechnology, Inc. The grid is fabricated on a 10@6+thick
graph results in the following expression for the loop gain, @aAs wafer and placed on a 2m4n-thick alumina substrate

gular function as it is referred to in [6]:

and
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Fig. 5. Circular functions for a transistor-loaded grid (a) in free space, with
no substrate or mirror, and (b) backed by a thick high-permittivity substrate A A

and mirror. The active device is an HP-Avantek ATF-26836 general-purposeWA . v Y
MESFET. Small-signab-parameters (fovy, = 3 V, I4s = 10 mA) supplied st s M_M )
by the manufacturer are used in the simulation. CORR MW“ W]

metallized on one side. The unit cell is 3p@1 square with 30-

pm-wide bias lines and radiating leads. The circular function center &.423338 &Hz SPAN 5.000 MHz
predicts an oscillation near 31.2 GHz (Fig. 7). The measured 755 B® 37 Khz VBW 38 kitz SWP 28 msec
oscillation frequency is 31.1 GHz [9]. (b)

Fig. 6. Measured oscillation modes for a % 6 grid backed by a
. . . high-permittivity substrate and mirror. (a) 2.7 GHz. (b) 6.4 GHz. Each
B. Negative-Resistance Grid Model mode was obtained separately at different dc bias currents: 5 mA/device for

Since the passive embedding network for the grid is reciff) a"d 12 mA/device for (b).
rocal, it can be represented as a lumped equivalent circuit,
as shown in Fig. 8(a), wher&;; are the associated two- 2
port Y-parameters. For a typical unit cell [e.g., Fig. 2(a)],
this equivalent circuit takes the form shown in Fig. 8(b). The
capacitor”; andC> model the gate—source and drain—source
gaps of the grid, respectively. The inductor and resistor model
the lead inductance, substrate thickness, mirror position, and 0
radiation into free space. Connecting the equivalent circuit to
the transistor results in the model shown in Fig. 9(a). If the
resistor is removed, an equivalent one-port negative-resistance
model of the grid oscillator is obtained [see Fig. 9(b)]. Oscil- -
lation start-up requires that the absolute value of this negative 2
resistance be greater than the load resistance. Using this mOdgeI 7. Circular function for a monolithic 100-pHEMT grid oscillator. The
we can reexamine the cases described earlier. predicted oscillation frequency is 31.2 GHz, which agrees with the measured

Fig. 10(a) and (b) shows the negative-resistance modelguency of 31.1 GHz.
whose circular functions were plotted in Fig. 5(a) and (b),
respectively. In Fig. 10(a), since the magnitude of the negguivalent circuits are shown, each corresponding to a different
ative resistance of the embedded device is less than flexjuency. In both cases, the negative resistance is greater than
load resistance, no oscillation is possible. In Fig. 10(b), twbe load resistance, thus, oscillation is possible.

31.2
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Fig. 8. (a) General lumped equivalent circuit for a two-port network, where .077 pF 077 pF
Y1 =Y 4+ Yie, Yo = Yoo 4+ Yo, andY3; = —Y. (b) Typical form of
the equivalent circuit for a grid. (a)
2.8 GHz
890 ol Zin=-122-j99 Q
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Fig. 9. (a) Transistor connected to the equival&éhtnetwork. (b) Nega-
tive-resistance model of the grid oscillator.

[

[Il. SYNTHESIS OF THEOPTIMUM GRID EQUIVALENT CIRCUIT 3.04 pF 3.04 pF

The lumped equivalent circuit discussed above can be op- (b)
F'm'zed TOI’ m_aX|mum O_SC'”ator pow_er. The general approa%. 10. Negative-resistance model for the grids associated with (a) Fig. 5(a)
is described in [10]. Briefly, the equivalehit network, shown and (b) Fig. 5(b).
in Fig. 8(a), is synthesized to satisfy the oscillation condition
and to set the proper feedback level and load resistance for 544nH 167 O

maximum power. The embedding elements are given by [11]
1.04 pF I TI .38 pF
Oj 0

A,
By = Z(Cl +C3)+Co+Cy

1
By = _E(Cl +C3) Fig. 11. Optimum lumped equivalent circuit for the HP-Avantek ATF-26836
1 A MESFET at 3 GHz.
B3 = m{(flr -1) [04 + j(cl + 03)} + Aicl}
1 ‘ for optimum gain compression, thus maximizing oscillator
Gg - W(C& + ATC;), + AzC4) pOWer. . . . .
[1- A4 As an example, the optimum lumped equivalent circuit for

the HP-Avantek ATF-26836 MESFET is shown in Fig. 11.
Note that this design approach predicts that the optimum grid
geometry for this device is not symmetric. Rather, the optimum
grid should present a larger capacitance to the gate—source port
of the transistor than to the drain—source port. A grid designed
using this approach will be described in Section V.

whereY; = G; + jB;

Cp = —Re(Y11 + AY12) C3 = —Re(Ys + AY2))
Cy = —Im(Y11 + AY12) Cy = —Im(Ys; + AYs))

and A = A, + jA; is the voltage gain in the feedback loop
as discussed in [10] and [12].

The design of this network is based on the large-signal |V. BENCHMARKING GRID-OSCILLATOR PERFORMANCE
Y -parameters of the active device corresponding to the point of
optimum gain compression. These parameters can be fou]%
for example, using the apprOX|m<_':1t|on described by_ Johnsg mputed from (3) and used as a benchmark for determining
[13]. who showed that the large-signal effects associated w ether a given grid oscillator has too little or too much
transistor saturation can be approximated by simply redUCiPe%dback.
the device’s|Sy,| and assuming that all othes-parameters It is useful to use the concept of maximume-efficient gain
remain the same as their small-signal values. 14], [15], defined as

The advantage of this synthesis approach is that a numLer ' '
of key elements are built-in. This approach: 1) satisfies the
oscillation start-up condition at small-signal lev¢|§’| > 1);

2) satisfies the steady-state oscillation condition at large-sighédiere
levels (|C| = 12£0°); 3) is designed for a specified oscillation
frequency; and 4) is designed for the proper level of feedback

nce the optimum embedding network has been determined
'a given transistor, the associated circular function can be

Gy = |52/ 512 = 1
2(K[S21/512] — 1)

(4)

- 14 |S11522 — S21512]% = |S11]? — | S22]?
2|S12[[S2|
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Fig. 12. Transistor saturation characteristics and circular-function plane for (a) the optimal operating point, and (b) two suboptimal opetatify, p

is the input power to the transistor, as indicated in Fig. 2(b), Bad = Pout — P is the radiated power.
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Fig. 14. Unit cell of a grid oscillator with (a) slot/dipole radiating elements

o —

] and (b) dipole radiating elements. Both cells are 6-mm square and are loaded
Increasing power with HP-Avantek ATF-26884 MESFET's. The grids are printed on a 0.5-mm

Fig. 13. Operating points corresponding to three different substrate thi(?%ti%t%ate (Eu;%'%%sh@rh_. z.z)tar?lcj pZ"CEd t?]n abseiond 5-mm layer (Duroid

nesses for &'-band pHEMT grid oscillator. The shaded symbols represent - .er = 10.8) which is metallized on the back.

the C-functions of the grids, and the open symbols representtfienctions

of the theoretical optimum networks. The measured ERP is also shown. . .

Since theS-parameters are frequency-dependent, the circu-

Johnson [13] showed that the large-signal value(afiz lar function is actually a locus of points, but the particular

corresponding to maximum oscillator power is point of interest for this discussion is the frequency at which
GMpss — 1 ZC = 0°. Two cases are shown in Fig. 12.
GME,opt = W 5) In the optimum case, the small-signal value @fshould

where Ghr.., i the value of (4) computed using the smallpe displaced from its large-signal steady-state value (i.e.,

R ‘ .

signal transistorS-parameters. The gain compression correéilnge)tﬁsa\r/‘a?ﬂogg Eg;ing:glsn?o(ﬁ;pg[st?rﬁuFrLg.ci((aa)i]t. is

sponding to the optimum operating point is then P optimc .
referred to a<’;;,.. There are two operating points shown in

GCopt = GME,ss — GME,opt - (6) Fig. 12(b) that represent suboptimal performance. Both cases
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Fig. 15. C-functions for the (a) slot/dipole- and (b) dipole—grid oscillators. The shaded symbols represefitfuhetions of the grids, and the open
symbols represent thé€'-functions of the theoretical optimum networks.
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Fig. 16. Measuredd- and E-plane patterns of the (a) slot/dipole- and (b) dipole—grid oscillators of Fig. 14. Solid lines represent the copolarization
and dashed lines represent the cross polarization.

have less than the maximum available oscillator power, bitis also associated with high input power at the gate, which
for different reasons: pointi suffers from gain compressioncould cause the Schottky gate diode to be driven into forward-
that is too low (GC4 < GCop), While point B suffers bias; this could result in a large current density in the gate
from gain compression that is too higli’C,4 > GC,p:). metallization, which can lead to degraded device reliability.
For point A, the transistor operates in the near-linear regime Most grid oscillators demonstrated to date have had too
since the circular function requires only a small amount @huch feedback [5]. The design of an optimized grid must,
gain compression to reach steady state. For pdintthe therefore, include a feedback-reduction mechanism to move
transistor is heavily compressed since the feedback lewleé circular function toward’sp.
is too high. To illustrate, consider a &% 5 pHEMT grid oscillator with
There are several disadvantages of operating at @inh  varying substrate thickness. Thrékfunctions, corresponding
this regime, the oscillator power drops off more sharply, sotib different thicknesses of Emerson and Cuming Stycast HiK
is more sensitive to design variations in the feedback network, = 10), are shown in Fig. 13.
An oscillator operating in the nonlinear regime is also more Since the oscillation frequency is different for each case
likely to have higher harmonic content. For a MESFET, poir{see Table I), three different optimum embedding circuits can
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and analyzed using the circular-function method. In all
cases, the predicted oscillation frequency was within 5% of

Substrate Osc. Freq. (GHz) Meas. | Harmonics(dBc) the measurement. An analytical method was presented for
Th“k’;e;s? () Sé“i l\ge;: %g”' ER§5(()W) 228 342 determining the embedding circuit for a grid oscillator that
315 6 186 £ 151 T8 w3 results in maximum oscillator power. .Experlmental results
27.9 51 532 4 177 | -3t -45 were correlated to theory, demonstrating how the substrate
thickness and metallization pattern could be varied to optimize
the feedback level and increase the ERP.
TABLE ||
X-BanD MESFET GRID OSCILLATOR
i REFERENCES
Unit-Cell Osc. Freq. (GHz) Meas. ERP (W)
Geometry | Sim. Meas. % Ervor | Vg, =3V Va,=4V [1] Z. B. PopovE, R. M. Weikle II, M. Kim, and D. B. Rutledge, “A 100-
Slot/Dipole | 83  8.57 3 0.31 0.49 MESFET planar grid oscillator,/EEE Trans. Microwave Theory Tech.
Dipole 81 835 3 0.19 031 vol. 39, pp. 193-200, Feb. 1991.
[2] R. M. Weikle II, M. Kim, J. B. Hacker, M. P. De Lisio, Z. B. Popayi’
and D. B. Rutledge, “Transistor oscillator and amplifier gridBroc.
; ; ; ; IEEE, vol. 80, pp. 1800-1809, Nov. 1992.
be derived. For the three different frequenC@sl”t is plotted [3] Z.B. PopovE, W. A. Shiroma, and R. M. Weikle Il, “Grid oscillators,”

in Fig. 13.

Since |C| > |Cope| for all three cases, we immediately
conclude that the grids have excessive feedback. Moreovéf},]
the grid with the thinnest substrate is the most compressef)
and should have the least power. The experimental results in
Table | support this. The existence of harmonics also supports
the view that these oscillators are over-compressed. [6]

V. OPTIMIZING GRID PERFORMANCE 7]

The example above demonstrates how the feedback level
can be controlled by varying the substrate thickness. Anothés]
way of controlling the feedback is to alter the unit-cell
geometry in some way. Hacket al. [5] used a meandered gatejig]
lead to control the compression level in a gate—feedback grid.
For a source—feedback grid, the feedback can be controlled[p
using an asymmetric unit cell [see Fig. 14(a)], as suggested
by the asymmetric optimum circuit of Fig. 11. As before
the drain is connected to a short dipole radiating elemelg]t.z]
However, the width of the radiating element connected to
the gate is extended across the full width of the unit celf3]
resulting in a slot, rather than dipole radiator. By adjusting they;
dimensions of this slot, the amount of feedback to the gate
and, hence, the compression level, can be controlled to sofd
extent.

To demonstrate, two % 4 X -band grid oscillators were fab-
ricated with the metallization patterns shown in Fig. 14. Both
grids have the same unit-cell dimensions, substrate, and mirr~r
spacing. The simulated@-functions are shown in Fig. 15. At
the same dc bias level, the slot/dipole—grid oscillator demo
strated up to 58% more ERP than the dipole—grid oscillat
(Table II). While both grids are slightly overcompressed, the
are not as compressed as the pHEMT grids discussed ear
No harmonics were observed for either grid.

Fig. 16 shows the measured radiation patterns. Based
an estimate of the directivity from these patterns, the highesgj
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VI. CONCLUSION

and quasi-optical electronics.
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