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Abstract— We present a method for optimizing the

feedback level in a transistor-grid oscillator. Based on

the approximate large-signal S-parameters of the tran-

sistor, an equivalent circuit model for the grid is syn-

thesized for maximum oscillator power, The resulting

circuit serves as a convenient benchmark for determin-

ing the level of feedback for a given grid. Experimen-

tal results demonstrate how the substrate thickness and

metallization pattern affect power performance. A grid

with an asymmetric unit cell is shown to deliver almost

60% more effective radiated power than a grid with a
symmetric unit cell.

I. INTRODUCTION

G RID OSCILLATORS are large-scale power com-

biners that have shown promise for realizing mod-

erate to high-power millimeter-wave sources [1]. De-

signing a grid oscillator first of all requires that the

steady-state oscillation condition [2] be met. In addi-

tion, for a power-grid design, the load resistance must

be optimized and the feedback level adjusted so that the

device operates at maximum power-added efficiency [3].

To meet all of these constraints simultaneously at the

desired oscillation frequency, the grid dimensions, sub-

strate parameters, external tuners, and metallization

pattern must be adjusted iteratively. Even with the aid

of equivalent circuit models, this process can be quite

tedious and time-consuming.

This paper presents a technique for optimizing the

feedback level and power output of a grid oscillator. Sec-

tion II explains how the circular function [4] describes

saturation effects in an oscillator, and suggests that an

optimal circular function exists for achieving maximum

oscillator power. It also discusses how a grid can be re-

duced to an equivalent two-port embedding circuit and

how this circuit can be synthesized to maximize oscilla-

tor power. In Section III, the optimum circular function

is used as a benchmark for assessing the performance of

several experimental grids.

II. METHOD

A. Linear Oscillator Analysis

A grid oscillator is a quasi-optical implementation of

a two-port feedback oscillator, where one network rep-

resents the transistor and the other represents the em-

bedding circuit, which includes the grid metallization,
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Fig. 1. (a) Unit cell of a grid oscillator with the transistor and

passive grid separated. (b) Feedback-oscillator model consisting

of the embedding network and the transistor model.

dielectric substrate, mirror, and free space (Fig. 1). The

latter network is obtained from a full-wave analysis as

described in [5]. One way of determining whether the

circuit oscillates is to compute its circular function [4],

given by

~ = Sll% + S21%? – 1s11s’1
(1)

1 – S12S;1– S22S42‘

where Saj and s~j are the S-parameters of the transis-

tor and feedback network, respectively. If (1) is evalu-

ated using the transistor’s small-signal S-parameters,

oscillation start-up requires that ICI > 1. To reach

steady state, gain saturation causes the transistor S-

parameters to change until the condition C = 110° is

sat isfied at the oscillation frequency. Equation (1) then

becomes a special case of the generalized oscillation con-

dition [2] for an n-port feedback oscillator where n = 2.

Fig. 2 illustrates the circular-function analysis of two

grid oscillators with identical unit cells, but different

dielectric and mirror characteristics. Fig. 2(a) shows

the circular function for the transistor-loaded grid in

free space, with no dielectric substrate or mirror. Since

the magnitude of the circular function is less than one,

no oscillation is possible. However, when the grid is

backed by a 6.35-mm-thick substrate with G. = 10.2,

two modes are predicted, at 2.8 and 6.5 GHz (Fig. 2(b)).

This agrees with measured oscillation modes at 2.7 and

6.4 GHz. Each mode was obtained separately at dif-

ferent DC bias currents: 5 mA/device for the 2.7-GHz

mode and 12 mA/device for the 6.4-GHz mode.
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Fig. 2. 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 and mirror. The active device is an

HP-Avantek ATF-26836 General Purpose MESFET. Small-signal

S-parameters (for Vds = 3 V, ~& = 10 mA) supplied by the man-

ufacturer are used in the simulation.

B. Quasi-Linear Oscillator Analysis

The linear analysis above is based on the small-signal

transistor S-parameters. To properly include the effect

of gain saturation, which is necessary in actual oscillator

operation, a nonlinear analysis is required. If a nonlin-

ear model of the transistor is unavailable, a quasi-linear

analysis can serve as an approximation [6].

In this case, it is useful to use the concept of

maximum-efficient gain [7], [8], defined as

GME =
1s,,/s,,[’ -1

2( Kls’~/sl’l – 1)’
(2)

where

~ = 1 + Islls” – S’IS121’ – IS1112 – IS”12

21S1211S211

Johnson [6] showed that the large-signal value of GME

corresponding to maximum oscillator power is

(3)

where GME,~S is the value of (2) computed using the

small-signal transistor S-parameters. The gain com-

pression corresponding to the optimum operating point

is then

GC.Pt = G~~,,. – GME,opt . (4)

Since the S-parameters are frequency-dependent, the

circular function is actually a locus of points, but the

particular point of interest for this discussion is the fre-

quency at which L C = 0°. Two cases are shown in

Fig. 3.

In the optimum case, the small-signal value of C

should be displaced from its large-signal, steady-state
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Fig. 3. Transistor saturation characteristics and circular-function
plane for (a) the optimal operating point, and (b) two suboptimal
operating points.

value (i. e., 1 LO”) by an amount corresponding to GCOpt

(Fig. 3(a)). Since this value of C corresponds to the op-

timum case, it is referred to as COPt. There are two

operating points shown in Fig. 3(b) that represent sub-

optimal performance. Both cases have less than the

maximum available oscillator power, but for different

reasons: point A suffers from gain compression that is

too low (GCA < GCOPt), while point B suffers from gain

compression that is too high (GCA > GCoPt ). For point

A, the transistor operates in the near-linear regime since

the circular function requires only a small amount of

gain compression to reach steady state. For point B,

the transistor is heavily saturated since the feedback

level is too high.

There are several disadvantages of operating at point

B. In the over-saturated regime, the oscillator power

drops off more sharply, so it is more sensitive to design

variations in the feedback network. An oscillator oper-

ating in the nonlinear regime is also more likely to have

higher harmonic content. For a MESFET, point B is

also associated with high input power at the gate, which

could cause the Schottky gate diode to be driven into

forward-bias; this could result in a large current density

in the gate metallization which can lead to degraded

device reliability.

Unfortunately, most grid oscillators demonstrated to

date have had too much feedback [3]. The design of
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Fig. 4. A feedback oscillator consisting of an active device with

known Y-parameters and an embedding network with unknown

circuit elements. The embedding circuit is assumed to have a H
topology.

an optimized grid must therefore include a feedback-

reduction mechanism to move the circular function to-

ward COPt. To calculate COPt from (1) requires knowing

the S-parameters of both the transistor and the opti-

mum feedback network. The general approach to opti-

mizing the feedback network of an oscillator is described

in [9]. In short, an equivalent II network as shown in

Fig. 4 is synthesized which satisfies the oscillation con-

dition and sets the proper feedback level and load resis-

tance for maximum power. For grids, the equivalent II

network is composed of purely reactive elements in the

shunt legs (Yl and Y2 ) and a resistive-reactive combi-

nation in the series arm (Y3). Explicit expressions for

the circuit elements are derived in [10]. Once the opti-

mum embedding network has been derived for a given

transistor, C’oPt can be computed from (1) and used as

a benchmark for determining whether a given grid os-

cillator is over- or under-compressed.

III. EXPERIMENTAL RESULTS

In this section, experimental results for several grids

are presented to demonstrate how the grid feedback af-

fects output power.

A. C-Band pHEMT Grid Oscillator

The first example is a 5 x 5 pHEMT grid oscillator

with varying substrate thickness. Three C-functions,

corresponding to three different t sicknesses, are shown

in Fig. 5.

Since the oscillation frequency is different for each

case (see Table I), three different optimum embedding

circuits can be derived. The one for 5 GHz is shown

in Fig. 6. The 1.10 pF and 0.56 pF capacitors represent

the gate-source and drain-source gaps of the grid, re-

spectively. The inductor and resistor model the lead

inductance, load resistance, substrate, and mirror char-

acteristics. The optimum C-function is found from (1),

using the S-parameters for this circuit as well as those

of the pHEMT. For the three different frequencies, COPt

is plotted in Fig. 5.

Since ICI > ]COPt I for all three cases, we immediately

conclude that the grids are over-compressed. Moreover,

the grid with the thinnest substrate is the most com-

C-pkme
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c
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Fig. 5. Operating points corresponding to three different sub-
strate thicknesses for a C-band pHEMT grid oscillator. The

shaded symbols represent the C-functions of the grids, and the
open symbols represent the C-functions of the theoretical opti-

mum networks.
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Fig. 6. Optimum embedding circuit for the HP ATF-35576
pHEMT at 5 GHz.

pressed, and should have the least power. The experi-

ment al results in Table I support this. The existence of

harmonics also supports the view that these oscillators

are over-compressed.

B. X-Band MESFET Grid Oscillators

The example above demonstrates how the feedback

level can be controlled by varying the substrate thick-

ness. Another way of controlling the feedback is to alter

the unit-cell geometry in some way. Hacker [3] used a

meandered gate lead to control the compression level in

a gate-feedback grid. For a source-feedback grid, the

feedback can be controlled by using an asymmetric unit

cell (Fig. 7(a) ), as suggested by the asymmetric opti-

mum circuit of Fig. 6. The drain is connected to a short

dipole radiating element, as before. However, the width

of the radiating element connected to the gate is ex-

tended across the full width of the unit cell, resulting

in a slot, rather than dipole radiator. By adjusting the

dimensions of this slot, the amount of feedback to the

gate, and hence the compression level, can be controlled

to some extent.

TABLE I

C-BAND PHEMT GRID OSCILLATOR

Substrate Osc, Freq, (GHz) Mea.s. Harm. nics(dBc)

Thlckncss (mm) Si,n. Mess, 70 Err. ERP (W) ~r?d ~rd

15.2 6,4 6.07 5 0.60 -28 -42
21,5 4.6 4.86 5 1.51 -25 -45

27.9 5.1 5.32 4 1,77 -31 -45
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Fig. 7. Unit cell of a grid oscillator with (a) slot/dipole radiating

elements and (b) dipole radiating elements, Both cells are 6 mm

square and are loaded with HP ATF-26884 MESFETS. The grids
are printed on a 0.5-mm substrate (DuT-oid 5880, CT = 2.2) and

placed on a second 5-mm layer (Dw-oicl 6010.8, c, = 10.8) which
is metallized on the back.
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Fig. 8. C-functions for the (a) slot/dipole and (b) dipole grid

oscillators. The shaded symbols represent the C-functions of the

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

oretical optimum networks.

To demonstrate, two 4 x 4 X-band grid oscillators

were fabricated with the metallization patterns shown

in Fig. 7. Both grids have the same unit-cell dimen-

sions, substrate, and mirror spacing. The simulated C-

functions are shown in Fig. 8. At the same DC bias

level, the slot /dipole-grid oscillator demonstrated up

to 58% more ERP than the dipole-grid oscillator (Ta-

ble II). While both grids are slightly over-compressed,

they are not as compressed as the pHEMT grids dis-

cussed earlier. No harmonics were observed for either

“d.g-l

Fig. 9 shows the measured radiation patterns. Based

on an estimate of the directivit y from these patterns,

the highest conversion efficiency for the slot/dipole grid

was 21Y0, while that of the dipole grid was about 10’?ZO.
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Fig. 9. Measured H- and E-plane patterns of the (a) dipole/slot

and (b) dipole grid oscillators of Fig. 7. Solid lines represent the

co-polarization and dashed lines represent the cross-polarization.

TABLE II

X-BAND MESFET GRID OSCILLATOR

Unit-Cell 0s.. FL-XI. (GHz) Mess. ERP (W)
Geometry Sire. Mea,, % Error v~ , =3 v vd. =4v

S1.t/DiP.1, 8.3 8,57 3 0,31 0.49

Dipole 8.1 8.35 3 0.19 0,31
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