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Abstract- In this paper we present a spatial 
power combining architecture consisting of sev- 
eral interacting printed antenna arrays placed at  
dielectric interfaces in multilayered waveguide. 
Previously used narrowband resonant patch and 
slot antennas are replaced by tapered meander 
slot antennas and their modifications, in order to  
increase the frequency bandwidth and efficiency 
of the system and provide operation in multi- 
ple band regimes. The full-wave analysis of the 
interacting antenna modules is based on the in- 
tegral equation formulation for induced electric 
and magnetic surface current density discretized 
via the method of moments. In this formulation, 
magnetic potential dyadic Green’s functions are 
obtained for a multilayered rectangular waveg- 
uide. Numerical results for meander line config- 
urations show significant advantages in scatter- 
ing characteristics in comparison to traditionally 
used rectangular slot antennas. 

I. In t roduct ion  

To exploit the advantages of solid-state .tech- 
nology for high power levels at  microwave and 
millimeter-wave frequencies, the power from many 
individual devices must be combined because of 
the fundamental limit of power-handling capabil- 
ity of semiconductor devices at these frequencies. 
Alternatively, if power coiiibining is achieved by 
the use of waveguides and printed-circuit trans- 
mission lines there is an upper limit for the num- 
ber of components used due to losses in these 
waveguiding structures. Spatial power combin- 
ing techniques provide high combining efficiency 
for high power levels in inicrowave and millinieter- 
wave regimes using free space rather than waveg- 
uide and traiismission line junctions originally in- 
troduced in circuit-combining structures. These 

Fig. 1. Waveguide-based spatial power combining ar- 

chitecture. 

techniques have been applied to oscillators, am- 
plifiers. mixers. phase-shifters, switches, frequency 
multipliers. aiid modulators. Millimeter-wave ap- 
plicatioiis include satellite cross-links. indoor wire- 
less commuiiications, high-resolution imaging sys- 
tems aiid automotive collision avoidance. 

In this paper we present a spatial power coni- 
bining architecture consisting of several interacting 
printed antenna arrays placed at  dielectric inter- 
faces in multilayered waveguide fed by a horn an- 
tenna (Fig. 1). The rectaiigular waveguide is over- 
sized to accoiiiinodate more amplifiers. Previously 
used narrowband resonant patch and slot antennas 
[l], [2] are replaced with tapered meander antennas 
[3], [4], inicrostrip loop [5], U-slot patch antennas, 
and their modifications, iii order to increase the fre- 
quency bandwidth and efficiency of the system aiid 
provide operation in multiple band regimes. Sig- 
nals collected by antenna arrays are coupled to the 
amplifier array through it ground plane with slot 
meander antennas aiid the amplified signal is then 
reradiated into free space through meander lines 
of another ground plane. The two ground planes 
provide a good input-output isolation and enable 
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thermal inanageiiieiit of the amplifier arrays. De- 
pending on application the amplified power can be 
radiated into free space [6] or collected by a receive 
horn [2]. Numerical results are presented for inter- 
acting slot rneander line and patch antennas and 
their modifications illustrating advantages of their 
utilization in the waveguide-based power combin- 
ing system. 

11. Formulation and Green’s Dyadics for 

The entire amplifier system is modeled using a 
generalized scattering matrix approach by decom- 
posing the system into smaller modules. Each 
module is characterized by a generalized scatter- 
ing matrix (GSM), and the overall response of the 
system is obtained by cascading the GSMs of indi- 
vidual modules. To obtain the GSM for a niulti- 
layered waveguide containing electric and magnetic 
type antennas, a method of inoiiients integral equa- 
tion formulation is utilized for the discretization 
of electric and magnetic surface current densities. 
A coupled set of integral equations is obtained by 
enforcing a boundary condition for the tangential 
components of the electric field on the metal sur- 
face of printed antennas and a continuity condition 
for the tangential coniponents of the magnetic field 
across the surface of inagnetic-type antennas in a 
ground plane (similar formulations have been im- 
plemented in [l], [2]). 

In this formulation, magnetic potential dyadic 
Green’s functions due to an arbitrarily oriented 
point source in a multilayered rectangular waveg- 
uide (Fig. 2) are obta.ined as the solution of the 
system of dyadic Heliiiholtz equations, 

Layered Waveguides 

subject to the boundary conditions on the metal 
surfa,ce of waveguide (including a ground plane) 
Shr, 

and mixed continuity conditions across dielectric 
interfaces Si, i = 1 , 2 ,  ..., N - I, 

2 

+ Y  

Fig. 2. Geometry of a multilayered rectangular waveg- 
uide associated with a Green’s function problem. 

- - 
i x v x Cis(?, F’ )  = i x v x Gi+lS(T, F’) ,  F E  si 

1 =  1 =  
-V-Gis(F7 F ’ )  = -V.Gi+ls(F, F’), F E  Si. ( 3 )  
€2 E i + l  

Here, i and s correspond to field and source points, 
respectively, positioned in the regions V, and &; Si, 
is the Kronecker delta; f i  is ail outward normal to  
the waveguide metal surface. The solution of the 
boundary value problein (1)-(3) is obtained in the 
form of a partial eigenfunction expansion over the 
complete system of orthonormal eigenfunctions of 
the Laplaciaii operator: 

G:,%, Y, 2, x’, Y’, 2’) 

= 4%&7 Y)413nn(Z’, Y ’ ) f%)ap(Z ,  2% (4) 
c o c o  

m=O n = O  
a ,  p = 2 ,  y, E .  

The one-dimensional characteristic Green’s func- 
tions f % ) a g ( z , ~ ‘ )  are obtained in a closed form 
as a superposition of forward and backward trav- 
eling waves subject to the appropriate boundary 
and continuity conditions. The analytical form of 
Green‘s functions provides physical insight into res- 
onance and surface wave effects occurring in over- 
nioded layered waveguides. 

111. Numerical Results and Discussions 
Nunierical results for the S-parameters of the in- 

teracting meander slot and patch antennas (geoin- 
etry shown in Fig. 3) in a rectangular waveguide 
transition operating at X-band are shown in Figs. 
4 through 7. The results are obtained for the fol- 
lowing geometrical and material parameters: the 
rectangular waveguide is 22.86 nim x 10.16 mm, 
slot length in a meander configuration is 11 mm, 
slot width is 0.5 mm, slot separation is 1 mm, a 
metal patch is 2 min x 2 mm, €1 = €3 = 1, €2 = 3.  

It caii be seen (Figs. 4 and 6) that the use of 
meander slot antenna in resonant antenna mod- 
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ules results in a significant increase in the band- 
width inaintaiiiing the low return loss at the reso- 
nant frequency. In particular, a five-slot meander 
antenna produces approximately 20% bandwidth 
at -10 dB (dash-dotted line in Fig. 4) in conipar- 
ison to the bandwidth of the single slot which is 
less than 5%. Furthermore, it was observed that 
by increasing the separation between slots in the 
meander configuration, a wider bandwidth c An be 
achieved (Fig. 8; see solid and dash-dotted curves 

c for comparison of the bandwidth). 0 7  
As another example, a tapered meander slot an- 

tenna coupled t o  a patch antenna in the waveguide 
transition (geometry shown in Fig. 10) is studied 
for a different number of turns. Scattering char- 
acteristics (magnitude of 2311 and Szl) of the an- 
tenna module are shown in Figs. 11 and 12. For 
a five-slot and seven-slot tapered meander antenna 
the bandwidth exceeds 20% at -10 dB (dashed and 
dash-dotted lines in Fig. 11). Also note that the 
sharp resonances occurring at approximately 10.4 
and 11.8 GHz correspond to transverse resonances 
in the waveguide cross-section. 

In conclusion. the use of meander slot antennas 
and their modifications in waveguide-based tran- 
sitions shows significant advantages in scattering 
characteristics in comparison with the previously 

Fig. 3. Geometry of interacting patch and meander 
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5 .  Phase of the reflection coefficient S11 versus fre- Fig. 7. Phase of the transmission coefficient ,921 ver- 
quency for the interacting meander slot and patch 
antennas. patch antennas. 
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Fig. 6. Magnitude of the transmission coefficient 5’21 

versus frequency for the interacting meander slot 
and patch antennas. 
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Fig. 8. Magnitude of the reflection coefficient SI1 ver- 
sus frequency for different slot separation in the 
three-slot meander antenna coupled to a patch an- 
tenna. 

111 



5 

200 
' - ' 1 mm 1 

-200 I 
8 9 10 11 12 

Frequency (GHz) 

Fig. 9. Phase of the reflection coefficient 5'11 versus fre- 
quency for different slot separation in the three-slot 
meander configuration coupled to a patch antenna. 
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Fig. 10. (a) Geometry of interacting patch and tapered 
meander slot antennas; (b) Close-up of the five-slot 
tapered meander configuration: d=1.5 mm, t=0.5 
nim, s=0.5 mm, and w=14 mm. 
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Fig. 11. Magnitude of the reflection coefficient ,911 

versus frequency for interacting patch and tapered 
meander slot antennas. A solid line is for three 
tapered meander slots (3), a dashed line is for five 
slots ( 5 ) ,  and a dash-d.otted line is for seven slots 

(7) .  
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Fig. 12. Magnitude of the transmission coefficient Szl 
versus frequency for iii1;eracting patch and tapered 
meander slot antennas. 
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