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Properties of Periodic Arrays of Symmetric
Complementary Structures and Their
Application to Grid Amplifiers

Alina Moussessianyember, IEEE James J. Rosenbengember, IEEE.and David B. Rutledgesellow, IEEE

Abstract—Deschamps’ theorem forn-terminal complementary
structures is reviewed. An extension to Deschamps’ theorem for
a class of three-terminal bounded structures with one axis of
symmetry is presented. It is shown that, for these structures, a
simple relationship between the impedances of the odd mode of
the original structure and the admittances of the even mode of
the complementary structure exists, and that these modes are
orthogonal. Using this, a self-complementary grid amplifier is
designed and the measured results are presented.

Index Terms— Grid amplifiers, quasi-optics, self-comple-
mentary.

[. MOTIVATION
. . . . . ~ Fig. 1. An n-terminal structure.
QUASI-OPTICAL grid amplifiers using differential-pair

transistors have been used to combine the output power

of many solid-state devices in free space, eliminating tf@Put and output. Periodic arrays of self-complementary sym-
losses associated with waveguide or transmission-line combinetrical structures offer such an alternative configuration.
ers [1], [2]. To the first order, the unit cell of a grid determines
the driving-point impedance seen by each device, while power Il. DESCHAMPS THEOREM

scales with the grid area. This allows the reduction of the Using Babinet's principle, Booker presented a simple re-

problem of the entire _grid to that of a single un.it. cell. Th?ationship between the impedances of two one-port planar
§ymmetry of Some grids allows bpundary conditions to _b&)mplementary structures [4]. In 1959, Deschamps presented
imposed on a unit cell, thus reducing the problem of solvinge ‘iynedance properties of multiterminal complementary

for the cell to th_at of s_olvmg for a y\{avegwde representlnElanar structures [5], a generalization to Booker’'s equation.
the cell [3]. Previous grid-array amplifiers have used cross g. 1 shows am-terminal structure. Assume that a source
dipole antennas for input and output. The current distributiog}.f,sides is connected to some or all of the terminals. The
on these dipole antennas do not permit a simple solution ng

A

: . . : . sphereS is small compared to the wavelength of operation.
fields in the equivalent waveguide. Consequently, previousq me thatt’ — (E, H) is a field solution for this structure.

grid amplifiers have been modeled using an approximgig ey words,F is a field produced about this structure by

transmission-line equivalent-circuit model [2]. The crosse@-ome configuration of sources inside

dipole construction has the additional drawback that it requiresNOW consider the complement of the structure in Fig. 1
the use of d.lfferentlal pairs Of, ”"’T”S'Stors which must bSbtained by replacing the metal parts of the original structure
specially fabricated for the application. with free space and the apertures with metal. Deschamps

A unit-cell configuration that can be more readily modelegyeq that an acceptable solution for this structure is the
would be desirable, as would a configuration that utilizes dual of F. F' is defined to be the dual field

single transistor per unit cell while maintaining cross-polarized .
F = #) = (-t - p) W
(e}
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E
Electric Field (E) Magnetic Field (H) Fig. 3. Self-complementary two-port structure.

Far-Field equations, but also satisfies the boundary conditions of the

(@) complementary structure shown in Fig. 2(b). Therefore, due to
the unigueness theorer is the field solution for Fig. 2(b).
In other words, the field solutions for the complement of a
structure is equivalent to the field solution for the dual of
that structure.

Deschamps showed that the voltages and currents of the
complementary structure can be defined using the voltages
and currents of the original structure [2]

2
L=2(Wi-Vi), i=lL-n @

(o]

Mo

. V-V, =—2I4, i=1, -, n 3
Magnetic Field (H) Electric Field (E') % i+1 2 i+1 ( )
| > wherel; is the current flowing into terminaland V; — V1
Far-Field is the voltage difference between terminaland i + 1 of

®) Fig. 1. Similarly, I/ is the current flowing into terminal of
Fig. 2. (a) Electiic and i fields f bt ructure. (b) T the complementary structure shown in Fig. 1, dffd- V;,

1g. 2. a eclriCc ana magnetic felas tor an arpitrary structure. . . .t .
electromagnetic fields for the complement of the structure in (a). The fietll% the voltage d|ﬁerenge betwegn terminéland<’ + 1 of this
in (b) are the duals of the fields in (a). structure. By convention; + 1 is equal to 1.

solutions. Consider the structure of Fig. 2(a) with the assumed lll. AN EXTENSION TO DESCHAMPS THEOREM

field solution F'. Continuity of the tangential electric field at Here, we discuss an extension to Deschamps’ theorem for
a boundary requires that the surface tangential electric fi@dsymmetrical three-terminal (two-port) rectangular structure,
be zero just outside the metal surface. Therefore RHeelds bounded with electric and magnetic walls, such as shown
at the plane of the structure approach the metal normal to ifts Fig. 3. Adjacent walls are of opposite type. As will be
boundary and, just above the structure, Hyéields are normal discussed later, such a boundary condition mlght arise from
to the plane of the structure. The discontinuity in tangentidl Periodic array. The symmetry we refer to throughout this
magnetic field requires that the tangential magnetic field éscussion is with respect to a central axis parallel to either
perpendicular to the direction of the surface current and eqi@undary. For this discussion, we will define an even-mode
to the surface current density. Therefore, tHefields are Voltage V. and an odd-mode voltag¥, in terms of the
parallel to the plane of the structure above and below it and,v@/tagesVi and V; of Fig. 3 as follows:

the metal boundary, the fields cross the plane of the structure V. = Vi+WVa 4
normal to the surface. cT 2 @
The electric and magnetic fields about this planar structure Vo=V — Vs (5)

are shown in Fig. 2(a) for the original structure and in Fig. 2(b)

for the complementary structure. Note that the boundary c Similarly, V3 and V3 can be expressed in terms f and

ditions for the E-fields in Fig. 2(a) are similar to thél-field "o s follows:

boundary conditions in Fig. 2(b). The same similarity exists Vi=V. + Vo ©6)
between theH-field boundary conditions in Fig. 2(a) and 2

the negative of theé--field boundary conditions in Fig. 2(b). Vo=V, — E @)
Therefore, the boundary conditions for the complement of 2

the original structure are the duals of the original boundary In the following discussion, an odd-mode excitation is
conditions. It is clear that assumingj is the field solution defined as the mode where equal voltages with opposite
for Fig. 2(a), I’ (dual of F') not only satisfies Maxwell's polarity appear at ports, andb, of the structure, as shown in
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Fig. 4(a), withV, = 0. An even-mode excitation is defined E-Wall H-Wall

as the mode where equal voltages with the same polarity .1 pox 1L 2] "'“1 L | pon_ 2

appear at portsz, and b, of the structure, as shown in by AN 2 ac

Fig. 4(b), with V, = 0. We will prove that the ratio of N / - \\ v )

the impedances of the odd excitation of such a structure to3 | 1 \‘3*, 5 I‘:“; =], N2 &“_&2 =

the corresponding admittances of the even excitation of its=, "' = ; s —}\\ =

complementary structure is constant and is equahiéd, | A ‘5’ \\ | - s / °p(\);1 =

wheren, is the characteristic impedance of free space. ‘ /,3';’P‘;“ §W : 3\ ok l X ;
The results stated above apply to any symmetrical structure k& Lo Wal ) L 02 HoWall -

with previously described boundaries and its complement. In ?HV B,
the case of a self-complementary structure, there are additional

simplifications. A self-complementary structure is one which
looks the same when the metal part is exchanged with the (@) (b)

nonmetal part. For a self-complementary structure, the rafiy 4. (a) The odd excitation of a bounded symmetrical structure. (b) Even
of the impedances of the odd excitation of the structure éscitation of the complement of (a). The ports are marked with black dots.
the admittances of the even excitation of the same structure is

constant and is equal tg?/4.

Consider a source configuration at the terminals of the
structure in Fig. 4(a) which results in an odd-mode excitation.
At low frequencies where the structure only supports a single
TEM mode, this odd-mode excitation generates a vertically
polarized electric field £y/) at the far-field. The complement
of this structure is shown in Fig. 4(b). As discussed earlier
boundary conditions for the complement of a planar structure
are the duals of the boundary conditions for the original
structure. To use Deschamps’ theorem for a bounded structu
the E- and H-walls of the original structure must be changed
to their duals when complementing the structure. Since the
dual of an H-wall is an E-wall and vice versa, this is
equivalent to interchanging- and H-walls. The fieldF’ =
(E', H') in Fig. 4(b) has to be the dual of the field — (@ ()

i ; _fi i~ fi ig. 5. Waveguide representation of Fig. 4. (a) Port 1 is the series combi-
(E, H) in Fig. 4(a), therefore, the far-field electric field for thérjation of the ports in Fig. 4(a), shown by two hollow dots. (b) Port 1 is the

new Sm.JCtU're. is horizontally polari_ze@ﬁ,) and the e>.<cita}tion parallel combination of the ports in Fig. 4(b), shown by two ovals. Port 2 in
generating it is an even-mode excitation, as shown in Fig. 4(I) and (b) is the parallel combination of the two ports of the waveguide.

Bounding a planar structure with electric and magnetic walls
is equivalent to analyzing this structure inside a waveguidthe components of this T-circuit ai8,; (i = 1, 2, 3). The
with the sameE- and H-walls [3]. Fig. 5(a) and (b) shows Z-parameter matrix elements relating the odd-mode excitation
the waveguide representation of the structures in Fig. 4(a) asfdthe device port to the vertically polarized field at the
(b). We define port 1 of Fig. 5(a) as the series combinatiavaveguide port areZ,; (j = 1, 2;k = 1, 2). The T-circuit
of ports a, and b, in Fig. 4(a), and port 1 in Fig. 5(b) ascomponents and thB-parameters matrix elements are related,
the parallel combination of ports. andb, in Fig. 4(b). Two as shown in Fig. 6(a). This T-equivalent circuit relates the
hollow dots in Fig. 5(a) and two ovals in Fig. 5(b) show port lodd-mode voltage and curreni,(and I,) at the device port
For the remainder of this discussion, we will refer to port fo the waveguide port voltage and curreW-(and Iy/). These
of Fig. 5(a) and (b) as the odd and even-mode device ponsltages and currents are shown in Fig. 5(a).
The waveguides in Fig. 5(a) and (b) extend to both sides ofNow consider the even-mode excitation of the comple-
the structures. However, due to reciprocity and to simplify th@ent of the structure in Fig. 5(a) which generates fields with
analysis of this three-port structure, these parallel ports drerizontally polarizedE-field (£y) at the waveguide port,
combined into one port. The new port [port 2 in Fig. 5(a) ands shown in Fig. 5(b). All-equivalent circuit, as shown
(b)] has half the characteristic impedance of free space. \ile Fig. 6(b), is used to represent the new structure. The
will refer to the parallel combination of these two ports asomponents of thidl-circuit areY,; (: = 1, 2, 3). The Y-
the waveguide port. The purpose is to find equations relatipgrameter matrix elements relating the even-mode excitation
the equivalent circuits of the two-port waveguide structurest the device port to the horizontally polarized field at the
shown in Fig. 5(a) and (b). waveguide port ar& (j = 1, 2; k = 1, 2). TheIl-circuit

Consider the odd-mode excitation of this symmetrical strucomponents and thg-parameters matrix elements are related,
ture inside the waveguide, [see Fig. 5(a)]. This odd-modes shown in Fig. 6(b). Thi$l-circuit relates the device port
excitation at the device port generates a vertically polarizeden-mode voltage and currenit.(and I.) to the voltage
electric field ) at the waveguide port. Assume that thiand current at the waveguide polty and Ig), as shown
two-port structure can be represented by a T-equivalent circuit. Fig. 5(b).
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Ao ZoiZoZon ZosZonZopy Iy whereVy- andVy are the line integrals afy andEy between
:’ ¢ ¢t ‘: . the E-walls andly and Iy are twice the line integral of the
Odd Vertical Hy and Hy between theH-walls.
Mode W 7 =7 VW Polarization .
. ° 0 Tot2 : The same approach can be used when the device port
(Device Port) (Waveguide Port) . . _ . . .
: - in Fig. 5(b) is shorted. In this case, the device port in the
(@) complementary structure [see Fig. 5(a)] has to be an open
circuit. Similarly, we can derive
I Yo Yerz ;Ii
f’ 1 F T ] Vi
Even Horizontal T 2
Mode V| [Y,7Ye-Yero Yo Yer- %ol | Wiy Polarization H ve=o _ bo (13)
(Device Port) (Waveguide Port) Iy 4
- ] W 1,=0

(b)

Fig. 6. (a) The T-equivalent circuit for the odd-mode excitation of the struéf0m the circuits in Fig. 6, we can also derive
ture in Fig. 5(a). (b) Thé&I-equivalent circuit for the even-mode excitation of

the structure in Fig. 5(b). Due to reciprocCiff,jo = Z,21 andYei2 = Yeoi. V_H
In |y _ Zo22 (14)
Using (2) and (3) for the structures in Fig. 4(a) and (b), we Iy Yeor
have Wil —o
R 8 L
o — _E e ( ) IV V,=0 _ Z022 — Z0212/Z011 (15)
v,=-Tor (9) In Yezo — Y3y/Yenn
2 Vi I.=0
where I, and V,, are the odd-mode current and voltage, as
o e ' From (13) and (14),
shown in Fig. 4(a), and. andV, are the even-mode current (13) (14)
. . ZO
and yoltage, as shown in Fig. 4(b). 22 _ 2 /4. (16)
Using (8) and (9), Yeoo
v, 2 I Solving for (10)—(12), (15), and (16), we can derive
R L (10)
1, 4 V, Z,
_— . , | o=/ (17)
Using Fig. 6, the ratio of the device-port impedance for the Zel?
odd excitation [see Fig. 6(a)] to the device-port admittance for Loll _ n /4. (18)
the even excitation [see Fig. 6(b)] when the waveguide ports Yo
are terminated toy, /2  is To summarize, (16)—(18) simply indicate that for the ports
72 shown in Fig. 6, theZ-parameters for the odd-mode excitation
0l2

are related to th& -parameters of the complementary structure

(11) with even-mode excitation by
Zoij
Yois

Zor1 — — 52—
Vo/lo _ "% 0o /2+ oo
I./V. Y3,

2/770 + Yoo

Yer1 —

=n /4, i=12 j=12 (19)

where Z.11, Zo12, and Z,»> are the Z-parameters of the . ) . .

structure with odd-mode excitation aidy;, Yo, and Yy . Us_mg (19) and Fig. 6, the impedances of the T—equwa_tlent

are theY-parameters of the complementary structure witﬁ'“_:UIt co(;n%onegts_zol, Zo2, fZ(I)m% f_or t_he odd-mode exci-

even-mode excitation. Terminating the waveguide port {gtion and the admittances o t. c!rcun components Y.,

102 2 is equivalent to terminating the two ports of the o2 Y,3) for the even-mode excitation of the complementary

waveguide in Fig. 5(a) or (b) to the characteristic impedanddUcture are aiso related by

of free space. Zoi 9 L 20
Now consider shorting the device port in Fig. 5(a). In order Y., /4, t=1,--,3. (20)

for Fig. 5(b) to remain the complement of Fig. 5(a), the device

port in Fig. 5(b) has to be an open. Fields at the waveguid®. |MPLICATIONS FOR SELF-COMPLEMENTARY STRUCTURES

port of Fig. 5(a) are related to the waveguide port fields of

Fig. 5(b) by (1). We can derive

This section discusses planar bounded structures that, in
addition to satisfying the boundary and symmetry conditions
Vv previously described, also are self-complementary. For these
Ivlv—o 7 self—complementary structures, such as illustrated in Flg. 4,
I—O_ = ZO (12) exchanging the metal and open parts of the structure yields
7 an identical (mirror image) structure. Since the structure is
Vit |1.=o identical to its own complement, the results embodied by (19)
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and (20) have some special implications for these bounded Input Active Output

symmetrical self-complementary structures. Polarizer Grid Polarizer
For a symmetrical self-complementary structure, the odd- +0 o
£, (6-90)

modeZ-parameters are related to the even-mbdearameters

of the same structure by (19). Similarly, the T-circuit imped-
ances of the odd-mode are related to kheircuit admittances v
of the even-mode of the same structure by (20). This is useful NE

Output Beam
+6°

in modeling because it means that if one can successfully

characterize either the odd- or even-mode behavior of a ‘g gg)°

symmetrical self-complementary structure, the characteristiC$aput Beam

of the other mode can immediately be derived. This property

can also be used to verify the consistency of even- and odd-

mode simulations. i —J i
Deschamps showed that for two-port symmetrical self- ale—nDb -« ¢ ——id

complementary unbounded structures, the components of 17, perspective view of a self-complementary grid amplifier.

impedance matrix representing the relationship between the

currents and voltages at the two ports exhibit certain properties - ] ] .

[5]. The derivation of these properties depends solely @fid amplifiers [1], [2], this design allows the use of single

the duality transformation of the field for the complementefjansistors in each unit cell. The input signal that is incident

structure, which results in (2) and (3). These equations dram th_e left enters the tilted input polarizer norrr_lal to its strips

identical for unbounded and bounded structures. Therefofé€€ Fig. 7) and generates RF currents on the input gate leads

Deschamps’ results apply to the bounded symmetrical Sé]mp‘_thg .grld. Fig. 8 shows the unit cel[ and the entirg 4} grid

complementary structures discussed here. Specifically, for @aplifier. Currents on the output drain leads generate an output

>

=

matrix Z defined by signal that passes thro_u_gh the output _polarizer. _Similar_ to the
conventional grid amplifiers, the polarizers provide tuning of
<V1> _ <Z11 Z12> <Il> (21) the amplifier’s input and output circuits.
Vo Zoy  Zzz ) \12 The solution for a self-complementary grid amplifier can

be divided into solving for the odd- and even-mode exci-
tations. For each excitation, the current distribution on the
grid allows us to define boundary conditions, as shown in
711 = Zoo Fig. 4(a) and (b). Computer-aided design (CAD) analysis of

{ Z% - 7% =2 /4. (22)  the unit cell is simpler for the odd-mode excitation. To simulate
equivalent-waveguide structures, shown in Fig. 5(a) and (b),

Z is the impedance matrix of an ideal attenuator havingigis necessary to excite the internal port 1 shown in these
characteristic impedance af /2 2. This implies that for the figures. Due to the symmetry of the unit cell, this port can be
bounded symmetrical self-complementary two-port structuregcited by simulating half of the unit cell and connecting a
discussed here, terminating one of the antenna porfs/® € small piece of a coaxial transmission line to this port. Fig. 9
will result in an impedance of, /2 © appearing at the other shows this approach for the odd-mode excitation of the unit
port. If an active device that is internally matcheditg’2 @  cell. This technique is not applicable to the even excitation of
at both its input and output is connected to the two ports, bathe cell because, for the even mode, the waveguide wall at
its input and output will be matched to the antenna. This wilhe device port is a magnetic wall and there is no convenient
be truly independent of the details of the antenna structufgy of inserting a coaxial transmission line at this wall. The
beyond the symmetry and self-complementary restrictions. three-port waveguide structure, shown in Fig. 9, is used for
modeling. Ports 2 and 3 are the front and backside of the grid,

V. SELF-COMPLEMENTARY GRID AMPLIFIERS and port 1 is the internal port on the grid unit cell where the

This section discusses the modeling and design of gitr&msstor W|_II be attached. 'I_'he e_lec_trlc and magnetic walls of
e waveguide are shown in this figure. The outer walls of

amplifiers with self-complementary horizontally symmetric ; D . . .
b P y y sy at e coaxial transmission line are all electric walls. The coaxial

unit cells. Consider the self-complementary grld_amplmetgansmission line is deembedded from the fifigharameters.

configuration shown in Fig. 7. Since the dual of a dielectric i Th roach presented here is to analvze the odd-mod
a magnetic material which does not exist in nature, to make € approach presented here 1S 1o analyze Ineé odd-mode

the active grid a self-complementary structure, we assume tﬁéﬁltigl(l)nugr:hISHZ?/GZ?CSA?kZE?ﬁ( |(;]aIFsr ilf'jgrr;plesr?rigi%
the grid is suspended in free space. In practice, this is achie 9 9 . y

by constructing the grid on a very thin substrate with a lo |mu_Iator (H.FSS}' Due to reciprocity, the 33 scattering

dielectric constant. The input and output polarizers are metalm:amx resultlr)g from the HFSS simulation can be reduced 0
gratings built on dielectric substrates. The input polarizer me%l2 X 2 matrix. The port |m_pedance of the combined ports
strips aref® from the vertical. To keep the input and outpu ports 2 and 3) is half the impedance of these ports alone.

signals orthogonal, the output polar|zer Stl’lps are posmgned alyp gs180A High-Frequency Structure Simulator, Hewlett-Packard Com-
an angle of(é — 90)° from the vertical. Unlike the previous pany, Networks Measurements Division, Santa Rosa, CA.

whereV; (i =1, 2) andI; (i = 1, 2) are the port voltages
and currents, defined in Fig. 3, Deschamps showed that



MOUSSESSIANet al. PROPERTIES OF PERIODIC ARRAYS OF SYMMETIRC COMPLEMENTARY STRUCTURES 1961
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0.2mm’ Dr‘am
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Fig. 10. The equivalent-circuit model of the grid in Fig. 7 at 10 GHz.

Note that the full-cell T-circuit has impedances twice that of
the half-cell equivalent circuit. The admittances of the full-cell
II-equivalent circuit, shown in Fig. 6(b), are derived using (20)
and the impedances of the T-circuit. By combining the odd-
and even-mode equivalent circuits, the model for the entire
cell can be derived.

The grid shown in Fig. 7 is built on a 10-mil-thick Rogers
Duroid substrate with a relative dielectric constant of 2.2. The
unit cell, shown in Fig. 8(a), is 8 mm on a side. The input beam
is coupled to the gate of the transistor through the gate lead
and the output is radiated from the drain lead, orthogonal to
the input. In order to provide bias to the transistors, a double-
sided design is used. The source leads in each column are
connected to each other and biased from the front of the grid.
A wire bond connects each drain lead to a via-hole that is

Fig. 8. (@) Front and backside of the grid amplifier unit cell. (b) Front viev&onnected to the backside of the grid. The drain bias leads

of a 4 x 4 grid amplifier. The drains are biased from the back side. The drain

diamonds are behind the source diamonds.

E-Wall
H-Wall

H-Wall

E-Wall

Fig. 9. Layout of the HFSS half-cell used in simulating the odd-mode
excitation of the grid unit cell. The coaxial stub used to get access to tl

internal port of the grid is deembedded from the fisaparameter file.

in one column are connected to each other and biased at the
backside of the grid. Each gate is shorted to the source through
a bond wire. The inductance of the gate and drain bond wires
are important in the design of the grid and will be discussed
later. To dc isolate the gate of one cell from the drain of the
cell below, a 0.15-mm slot is used to separate the two. Three
20-pF chip capacitors, shown in Fig. 8(a), are used to make an
RF connection between the gate and drain of neighboring cells.
The transistors are Fujitsu FLKO12XP MESFET’s. Fig. 8(b)
shows how the unit cells are connected to construct>a 4

grid and does not include the details of each cell. Each arrow in
this figure points to the location of the transistor in a unit cell.
The transistors are glued on the source lead, and connections
to the gate, drain, and source are made with wire bonds.

Fig. 10 shows the transmission-line equivalent circuit for
the amplifier configuration of Fig. 7 and unit cell of Fig. 8(a).
The dimensions of, b, ¢, andd correspond to those used for
designing the prototype amplifier. Free space for this square
Hiit cell is represented by a resistor with a characteristic
impedance ofp, = 377 2. The dielectric substrates and air
gaps between them are modeled as transmission lines [2].

The Z-parameters of this structure can be calculated froRolarizers are modeled as inductors or capacitors depending
the S-parameters derived from the HFSS simulation. Thess the polarization. To model the transistor, thigparameters
Z-parameters are used to calculate the impedances of tffithe FET are normalized to 3%7. A rotation transformation
components in the T-equivalent circuit, as shown in Fig. 6(apatrix is defined to separate the incoming signal to its vertical
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and horizontal components, and also to combine the vertical s
and horizontal components of the outgoing signal to form the
output. The four ports of this rotation matrix are the vertical
and horizontal polarizations for ports 1 and 2, and the input 10
and output signals to the grid amplifier for ports 3 and 4. The
S-matrix is defined by

0 0 —sinf cos b
0 0 cos @ sin @
S=1_ sin @ cos @ 0 0 (23)

cos @ sin @ 0 0

-

¥ ¥ T 1 L] T 1§ T ¥ I_\l 1 1 1 ] L] H T
Bias /N
- - - - NoBias 7 N
— — — Theory 4

/

III/IIIllIllllll

Gain, dB
<
JJllll\Il'lllllllllll

where#f is the output-signal angle from the vertical, as shown 5
is Fig. 7.

The vertical component of the input signal is connected
to the waveguide port of the T-equivalent circuit of the unit -10
cell, and the horizontal component of the input excites the
waveguide port of thdl-equivalent circuit. The even- and '

. . . -1511|l|llll||||||||||
odd-mode device ports are then related to the physical device 7 3 9
ports, shown in Fig. 3, using the mode converiédescribed Frequency, GHz
below. E

_Defme ports'l and 2 corresponding to VOltageS 1and 2 A&embly of Fig. 10. For the measured gain, the output polarizer is 1-2 mm
Fig. 3, and define port 3 as the odd-mode device port [portaliay from the grid and the input polarizer is at a distance of 2.8 cm from
in F|g 5(3)], and port 4 as the even-mode device port [portﬂle grid in_stead of = 1.2 cm andb = 1.5 cm in Fig. 10. Also, tuning slabs
in Fig. 5(b)]. Equations (4)—(7) that relai&, V-, V,, V. can are used in the measurement.
then be expressed in terms of a mode-conversion matrix

[}

1
L3
1

11. Gain response of the amplifier grid. The theory is for the grid

0 0 1/2 1 might be in part due to the use of a simpler structure in
) 0 0 -1/2 1 HFSS modeling of the unit cell. A unit cell similar to Fig. 9
sS=1 7 o ol (24) was used because HFSS was unable to simulate the more
1/2 1/2 0 0 complicated unit cell of Fig. 8(a). However, with the output

o ) . polarizer 1-2 mm away from the grid (insteadecf 1.2 cmin

The dashed rectangle in Fig. 10 is the passive metal striggy 10) and the input polarizer 2.8 cm from the grid (instead
ture of the amplifier unit cell discounting the bond wires showgf ¢, — 1 5 cmin Fig. 10), we measured the gain curve shown
in Fig. 8(a). The input signal enters poftahd the output exits jn Fig. 11. In addition, for this measurement, tuning slabs with
from 4. Port 2 is connected to the gate of the transistor angl relative dielectric constant of 2.2 were used at the input and
the drain is at_tached td._lFor the amphﬂer to work properly, output. The input tuning slab is 1 cm away from the input
the transmission coefficients from the input to the d&f@s')  polarizer and the output tuning slab is 1.8 cm away from the
and the drain to the outpyS,1+) have to be large, and the o iyt polarizer. This gain is measured for a drain voltage of
transmission coefficients from the input to the dré#.3) 1 g5 v and a total drain current of 850 mA. The measured
and gate to the outpyiSy o ) have to be small. Resistive Ioadspeak gain is 10 dB at 8 GHz and the 3-dB bandwidth is 210

1 !

of 7,/2 & at the device ports’land 2 are found to be the \ipy; The gain of the amplifier when it is not biased is also
optimum loads for accomplishing this, as shown in Section I\§, 5w in Fig. 11. At peak gain, the difference between the
Therefore, bond wires at the gate and the drain of the FET @seq and unbiased gain is over 20 dB. To insure that the grid
used to resonate with the input and output capacitance of {R&ape at this bias, the output power was measured versus

FET and present a resistive load at portd 2 of the unit o innyt power. A linear dependence between the input and
cell. The measured inductance of a bond wire with a d'ame%tput power indicates that the grid is stable

of 0.7 mil is 1 nH/mm. The required inductance of 1.3 and 0.6 As described earlier, tuning for maximum gain, shown in

nH is achieved by adding 1.3- and 0.6-mm bond wires at th¢, 11 requires that the output polarizer be placed very close
drain and gate of the unit cell, respectively. Different angles o grid amplifier. This does not satisfy the assumptions
for the incoming signal were also considered. An input beaf%erent in the simple transmission-line model, shown in
with an angle of 45 from the vertical is the optimum. The ig. 10, which only considers the propagating LI'EM mode
theoretical predicted gain for the circuit in Fig. 10 is 14 d 6]. Thérefore, a theoretical gain curve for our measurement
at 8 GHz. using a transmission-line equivalent model is not possible.
However, for comparison purposes, Fig. 11 also shows the
theoretical curve of the grid assembly, shown in Fig. 10. With
The small-signal gain of this grid was measured by placirtpe newer versions of HFSS and the increased computing
the grid in the far field of two cross-polarized horns [1], [2]power available, we hope to have better results in the future
The amplifier did not show significant gain with the polarizerby simulating the unit cell with all its details [see Fig. 8(a)]
positioned as shown in Fig. 10. We suspect that the readostead of the simplified version of the cell (see Fig. 9).

VI. GAIN MEASUREMENT
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The grid suffered from intermittent oscillations at higher
drain voltages. The onset of these oscillations were at a dr:
bias voltage above 1.85 V and a bias current above 850
The oscillation frequency and power were a function of bot |
bias voltage and time. These oscillations covered a range
frequencies around 8.5 GHz.

Alina Moussessian (S'97-M'98) was born in
Tehran, Iran, on June 21, 1966. She received the
B.S. degree in electrical engineering from the Iran
University of Science and Technology, Tehran,
Iran, in 1988, and the M.S. and Ph.D. degrees in
electrical engineering from the California Institute
of Technology, Pasadena, in 1992, and 1997,
respectively.

In June 1997, she joined the Radar Science and

Engineering Section, Jet Propulsion Laboratory,

VII. CONCLUSIONS / Pasadena, CA. Her research interests include
An extension to Deschamps’ theorem for three_terming]icrowave, millimeter-wave and submillimeter-wave power combining,

. . eam-steering, and computer-aided design and measurement of microwave
horizontally symmetrical complementary bounded structurgguyits.

is presented. This theorem is used to design a self-
complementary grid amplifier. The amplifier has a gain of
10 dB at 8 GHz. The stability of the amplifier is a problem
and is an area of future investigation. It may also be fruitful to
investigate the use of the devices having broad-band internal James J. Rosenberg(M'89) received the Sc.B.
matching at both input and output to a real impedance degree in engineering from Brown University, Prov-
n./2 € since such devices would then have a broad-ba idence, RI, in 1979, the M.S. degree in electrical
engineering from the University of California at

match to the antenna structure. Berkeley, in 1980, and the Ph.D. degree from Co-
lumbia University, New York, NY, in 1983.

From 1983 to 1990, he was an Assistant and
Associate Professor of engineering at Brown Uni-
versity. From 1990 to 1991, he was the Deputy

REFERENCES

[1] M. Kim, E. A. Sovero, J. B. Hacker, M. P. De Lisio, J.-C. Chiao, S.-J ; :
Li, D. R. Gagnon, J. J. Rosenberg, and D. B. Rutledge, “A 100-eleme Manager of the Microdevices Laboratory, NASA Jet

} e . Propulsion Laboratory, Pasadena, CA. From 1991
?fsggingalmr())lglterlgggE Trans. Microwave Theory Techol. 41, pp. to 1992, he served as the Director of Engineering for the Germanium

[2] M. P. De Lisio, S. W. Duncan, D.-W. Tu, C.-M. Liu, A. Moussessian,Power Devices Corpo_ration, a manufacturer of semiconductor devices. Sin_ce
J. J. Rosenberg, and D. B. Rutledge, “Modeling and performance of:392: he has been with Harvey Mudd College, Claremont, CA, where he is
100-element pHEMT grid amplifier,JEEE Trans. Microwave Theory curr_ently an Assomatg Erofe;sor. His rese_arch'mte_:rests_ include sem|c_qndgctor
Tech.,vol. 44, pp. 21362144, Dec. 1996. devices, analog and digital S|g_nal_—processmg circuits, microwave _ampllflcatlon

[3] R. M. Weikle, Quasi-Optical Planar Grids for Microwave and SYstems, and clock synchronization schemes for high-speed digital systems.
Millimeter-Wave Power CombiningPh.D. dissertation, Dept. Elect. _ Dr- Rosenberg is a member of Tau Beta Pi. He was the recipient of the NSF
Eng., California Inst. Technol., Pasadena, CA, 1992. Fellowship for graduate study, NSF Presidential Young Investigator Award,

[4] H. G. Booker, “Slot aerials and their relation to complementary Wirend the 1988 Technical Analysis Corporation President’s Award for Excellence
aerials (Babinet's Principal)J. Inst. Elect. Eng.pt. lll-A, pp. 620-627, in Teaching.

May 1946.

[5] G. A. Deschamps, “Impedance properties of complementary multiter-
minal planar structures/RE Trans. Antennas Propagatol. AP-7, pp.
371-378, Dec. 1959.

[6] J.-C. Chiao, J. Bae, K. Mizuno, and D. B. Rutledge, “Metal mesh
couplers using evanescent waves at millimeter and submillimeter wave-
lengths,” in 19th Int. Conf. Infrared Millimeter-WaveSendai, Japan, David B. Rutledge (S'77-M'77-SM’'89-F'93), for biography, see this issue,
Oct. 1994, pp. 365-366. p. 1955.




