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Solid s t a t e  dc-rf converters o f fe r  potential improvements i n  r e l i a b i l i t y ,  
mass and low voltage operation, provided tha t  anticipated eff ic iencies  in excess of 
80% can be realized.  Field e f fec t  t r ans i s to rs  o f fe r  the greates t  potential in the 
SPS frequency band a t  2.45 GHz. To implement t h i s  approach i t  i s  essential  tha t  
means be found to  sum the power of many re la t ively  low power solid s t a t e  sources 
i n  a low-loss manner,and tha t  means be provided to properly control the phase of 
the outputs of the large number of so l i a  s t a t e  sources required. 

To avoid the power combining losses associated with c i r cu i t  hybrids i t  was 
proposed tha t  the power from mu1 t i p l e  sol id s t a t e  ampl i f i e r s  be combined by 
d i r ec t  coup1 ing of each ampl i f i e r ' s  output to  the radiating antenna structure.  
The result ing savings in transmitter efficiency ranges fron 4% to  10% depending 
upon the configurations being compared. The selected power-combining antenna 
c o n s ~ s t s  of a unique printed (metal ized) microstrip c i r cu i t  on a ceramic type 
d i e l ec t r i c  substrate which i s  backed by a shallow lightweight aluminun: cavity 
which sums the power of four microwave sources. The antenna behaves l i ke  two 
one-half wavelength s lo t - l ine  antennas coupled together via the i r  common cavity 
structure.  A s ignif icant  feature of the antenna configuration selected i s  tha t  
the radiated energy i s  summed to yield a single radiated output phase which 
represents the average insert ion phase of the four power amplifiers. This 
energy may be sampled and, by compariscn with the input s ignal ,  one can phace 
e r ror  correct  to  maintain the insert ion phase of a l l  solid s t a t e  power combinSng 
modules a t  exactly the same value. This insures tha t  the insert ion phase of each 
SPS power combining antenna module i s  identical  even though the power ampl i f i e r s  
are  fabricated to  re la t ive ly  loose (low cost)  insert ion phase requi renents. 

The concept, i  1 lus t ra ted in Figure 1 , shows two sol id  s t a t e  power ampl i f i e r  
modules with two outputs each a t  5 watts delivering power to  the antenna. The 
power ampl i f i e r s  derive t he i r  input from an integrated c i r cu i t  which performs 
the function cf phase e r ro r  correction so tha t  9:ch n ~ d u l e  has the same insertion 
phase. The phase e r ro r  correction c i r cu i t  employs two probes t o  sample the 
phase of the of the radiated power. T h i s  phase i s  then compared with t ha t  
a t  the module input. A ceramic substrate i s  proposed to  diss ipate  the heat of 
the power amplifiers via radist ion.  The high thermal conductivity of the ceramic 
substrate and of the aluniinum cavity and ground plane will spread the heat so 
t ha t  a l l  surfaces will par t ic ipate  in the cooling prccess. 

The material tha t  follows describes an i n i t i a l  program to verify the sui ta-  
b i l  i t y  of t h i s  concept fo r  SPS. An appropriate microstrip antenna i s  being 
developed which will be evaluated when driven from four sol id  s t a t e  power anpli-  
f i e r s .  

2. EXPE2IMENTAL VERIFICATIOt4 PROGRAM 

The objective of the program i s  t o  demonstrate the su i t ab i l i t y  of a 2.45 
GHz power cocibining microstrip s lu t - ]  ine antenna,when fed by four sol id s t a t e  



amp1 i f i e r s ,  t o  the needs of a solar  power sate1 1 i t e .  The program entai 1 s the 
design and fabrication of a four feed nicrost r ip  antenna and a s t r i p l i ne  antenna 
phzsing network which wi 11 be integrated with four t rans i s to r  ampl i f i e r s  to  
demonstrate tha t  the to ta l  sol id s t a t e  module (ampl i f i e r s  pl us antenna) wi 11 
operate as an e f f i c i en t  power combining-radiating system. The antenna developed 
will be evaluated fo r  gain, pattern and efficiency on the antenna range w i t h  and 
without the amplifiers. The amplifiers will be connected d i rec t ly  to  the antenna 
without benefit of i sola tors  so tha t  t he i r  interaction via the antenna will be 
unimpeded. The combined output power of the ampl i f i e r s  will be approximately 
1/2 watt. 

Figure 2 contains a sketch of the power combining microstrip antenna t o  
be evaluated. The d i e l ec t r i c  substra te  i s  metalized on both sides.  The under- 
s ide ,  within the cavity,  contains the four microstrip feed l ines  which are  
coupled to  the two radiating s l o t s  on the top s ide  via two narrow s lo t l ines .  
In order t o  feed the antenna, two of the r f  inputs are  required t o  be 180" ou t  
of phase with the remaining two. An antenna feed network i s  thus required 
which will provide the four 0"-180" equal amplitude outputs. 

The antenna feed network, the power ampl i f i e r s  and the microstrip antenna 
will be connected as indicated in Figure 3a. The four cables connecting the 
amplifiers and the antenna are required to  have equal e lect r ical  lengths as a re  
the cables connecting the antenna feed network and the amplifiers. This is 
necessary t o  re ta in  proper phasing of the antenna. 

3. EXPERIMENTAL PROGRAM STATUS 

3.1 FEED NETWORK 

Three sol id  s t a t e  antenna module feed networks have been assembled and 
measurements on a l l  have been made. Two of the feed networks are needed to  
accomplish the antenna range t e s t s .  The s t r ip1  ine feed network, (Figure 4a) ,  
consists of two 0"-18C0 r a t  race ring hybrids fed by a single in-phase two-way 
power divider. The c i r cu i t  metalization pattern was etched into  the  top c i r -  
cu i t  cover pla te  as  a label fo r  the finished feed. Figure 4b contains a 
pootograph of the automatic network analyzer being used to  measure the feed 
network performance. 

The inser t ion loss  and insert ion phase measurements over a 500 MHz band- 
width ind'cate (Figure 5) tha t  a t  the design prequency, the insert ion loss of 
a l l  ports i s  nearly equal. Thk insert ion phase e r ro r  window a t  2.45 GHz i s  
1.5" wide, o r  + .75". The measured resu l t s  fo r  a l l  feed networks a t  2.45 GHz 
are as followF: 

Serial  No. Phase Balance Loss Balance Insertion Loss Isolation & 
Return Loss 



The measured insert ion phase to  a l l  ports of each network deviate from a 
mean value by less than one degree,whlch was the design goal. The measured 
loss was less  than 0.2 dB for  each of the units over and above the 6.02 dB 
tha t  resu l t s  from the Pour way power division.  This value will be used again 
when the antenna efficiency i s  calculated. A more important parameter i s  loss 
balance,which i s  so small tha t  i t  i s  hardly measurable (+ .03 dB). T h u s ,  the 
power delivered t o  a l l  ports i s  within 0.7% of the mean value. 

The isolation between the feed network output ports i s  greater than 25 dB 
for  a l l  units ,  This minimizes the interaction between amplifiers in the Final 
conf i g u r a t i o ~ ,  by preventf ng reflected power from the i n p u t  of each amp1 i i i e r  
from reaching the i n p u t  of one o r  more of the other amplifiers. Thus, the 
amplifiers are operated as i f  they were each driven from an isolated source. 
This i s  a par t icular ly  good operating procedure where one i s  primarily in ter-  
ested in how well the power combining antenna perfoms,and in how well the 
sol id  s t a t e  ampl i f i e r s  in teract  with each other \rri thin the antenna c i rcui t ry .  

The impedance match realized a t  each port resu l t s  i n  a VSWR <1.12, with 
a return loss greater than 25 dB. In actual operation, a low output VSWR and 
good isola t ion i s  only available i f  the input power t o  the feed network i s  
derived from a we1 l -matched source. 

The four 2.45 GHz power amplifiers have been supplied by Tron-Tech, Inc. 
of Eatontown, N .  J .  and, to date,  have only been evaluated under small signal 
conditions. (Table 1 )  As can be seen, the amplifiers ineet many of the speci- 
f icat ions  and are  out on others. More t e s t s  are scheduled to  determine how 
the ampl i f i e r s  perform under the required drive condition needed to  yie ld  1/8 
watt of output power. Until these additional t e s t s  are completed, i t  i s  pre- 
mature to  speculate on the degree of su i t ab i l i t y  of the four amplifiers. 

Tab1 e 1. AMPLIFIER SPECIFICATIONS & SMALL SIGNAL MEASURED VALUES 

Parameter Speci f icat ion Measured by Boei ng 

(small signal j 

Frequency 2.45GHt 2.45GHz 

Power our @ 1 dB 
gain compression 

Gain 

Gain match 

VSWR i n :  

out: 

Phase match 

Phase control 

Gain Control 

+21 d8m 

6 dB min. 
4- 
-.5 dB max. 

2.5:3. fiax. 

1.5:1 max. 

+ 5' max. 
-6 - 10' m i n ,  

In f in i t e  VSWR save a t  fu l l  power 

Not measured 

7,76 dB - 8.18 dB 
+ 
-.21 dB 

3,65:1 (one un i t )  

1.66:l (two uni ts)  
9 - 2.4O 

2' by varying B' according 
t o  Tron-Tech; 

Ins ta l led sep$rat: 19s: cszt .  
which yields - 1.5 dB 
according to  Tron-Tech. 

340  veri Pied by Tran-Tech. 



The ampl i f i e r s  were s p e c i f i e d  t o  be f a i l - s a f e  under cond i t i ons  o f  
i n f i n i t e  VSWR a t  a l l  phases. Th is  was r e q u i r e d  t o  i n su re  t h a t  t h e  a m p l i f i e r s  
wou ldn ' t  f a i l  d u r i n g  t e s t .  Such a  f a i l u r e  wou7d p rec lude  t h e  c o l l e c t i o n  o f  
antenna da ta  w i t h  t he  ampl i f i e r s  a t tached.  Since t h e  ampl i f i e r s  a re  designed 
t o  operate Class A, t he  smal l  s i g n a l  da ta  e x h i b i t e d  i n  Table 1  may n o t  change 
very  much under l a r g e  s i g n a l  t e s t s .  

3.3 RADIATIlJG ELEMENT 

A f o u r  feed  m i c r o s t r i p  antenna has been developed which appears s u i t a b l e  
f o r  t h e  t ask  a t  hand. I t  evolved through a  s e r i e s  o f  s teps which began w i t h  
a  m i c r o s t r i p  t o  s l o t - l i n e  coup le r  and graduated f rom a  s i n g l e  feed  s l o t  l i n e  
antenna t o  a  dual  f e d  s l o t - l i n e  antenna and f i n a l l y ,  t h e  f o u r  feed des ign 
i l l u s t r a t e d  i n  F i gu re  3b. F i gu re  3b shows t h e  m e t a l i z a t i o n  p a t t e r n  ( ac tua l  
sca le )  on each s i d e  o f  t he  m i c r o s t r i p  d i e l e c t r i c  subs t ra te .  The f o u r  n i c r o -  
s t r i p  l i n e s  (shown shaded) cross under and couple t h e i r  energy t o  t h e  f o u r  
narrow s l o t l i n e s  which t r a n s p o r t  t h e  s i g n a l  t o  t h e  wide r a d i a t i n g  s l o t s  (shown 
i n  b lack ) .  The antenna subs t r a t e  i s  2.6 inches square and i s  backed by a  
2.5" x  2.5" x  0.30" cavity,which couples t h e  r a d i a t i n g  s l o t s  toge ther .  

The antenna, when f e d  by t h e  feed network descr ibed  e a r l i e r ,  e x h i b i t s  
a  bandwidth a t  t h e  15 dB r e t u r n  l o s s  p o i n t s  o f  approx imate ly  100 MHz. A 
p r e l i m i n a r y  p a t t e r n  taken w i t h  t h e  antenna on t h e  range i s  shown i n  F i gu re  6. 
The peak ga in  as measured i s  approx imate ly  8 dB; however, n o t  account ing f o r  
0.43 dB o f  feed network and c a b l i n g  losses .  The p a t t e r n  i s  w e l l  behaved w i t h  
the  f i r s t  s ide lobes  approx imate ly  23 dB down. A second "cleaned-up" model 
w i l l  now be f a b r i c a t e d  t o  i n i t i a t e  f u l l  range t e s t i n g  w i t h  and w i t h o u t  t h e  
power ampl i f i e r s .  

4. TEST PLAN 

The p r imary  purpose o f  t h e  antenna range t e s t i n g  i s  t o  determine t h e  
e f f i c i e n c y  o f  t he  f o u r  feed  antenna w i t h  and w i t h o u t  t h e  a m p l i f i e r s .  The 
e f f i c i e n c y  i s  de r i ved  by d i v i d i n g  t h e  antenna ga in  G by t h e  antenna d i r e c t i v i t y  
D. The antenna g a i n  w i l l  be determined by a  3-antenna method i n  which antenna 
spacing i s  measured t o  b e t t e r  t han  ?/2%. Th is  method i s  expected t o  y i e l d  g a i n  
accurac ies o f  2 0.3 dB. 

The antenna d i r e c t i v i t y  D i s  d e f i n e d  as t h e  r a t i o  o f  t h e  peak r a d i a t e d  
power t o  t h e  average i s o t r o p i c  r a d i a t e d  power (average power r a d i a t e d  over  t h e  
u n i t  sphere).  To a r r i v e  a t  t h e  average i s o t r o p i c  r a d i a t e d  power, one must meas- 
u re  and t o t a l  up t h e  r a d i a t e d  power over  t h e  sphe r i ca l  su r face  w i t h  t h e  un- 
known antenna a t  i t s  cen te raand  average t h a t  va lue  by d i v i d i n g  by t h e  number 
o f  measurements. T y p i c a l l y ,  a  2 O  x  2" c e l l  i s  employed which r equ i r es  16,200 
measurements. The e r r o r  assoc ia ted  w i t h  t h e  d i  r e c t i v i  ty  measurement i s  approx imate ly  
+ .25 dB. - 

The antenna feed  svstem i n s e r t i o n  l o s s  w i l l  be measured on t h e  automat ic  
network ana lyzer  (HP 8542B), which i s  p e r i o d i c a l l y  c e r t i f i e d  by  Hewlett-Packard 
us ing  standards t r aceab le  t o  NBS t o  an accuracy o f  + 0.15 dB (+ 3.51%) f o r  
dr-vices o f  low i n s e r t i o n  l o s s .  Thus, when t.he feed-sysiein i n s e r t i o n  l o s s  i s  



subtracted from the measured gain, the feed system measurement uncertainty wf.11 
be added t o  the previously s ta ted uncertainties.  The RSS vaiue of the cwibined 

efficiency is  thus* - +PO)' + (.2512 + (.15)2 = - + -42db . - + 10% 
Cross- 

polarized radiation fo r  the SPS application i s  considered wasted power, and 
therefore,  i t  will a lso  be measured and .included when determining the antenna 
efficiency. 

W i t h  the basic antenna characterized fo r  gain, pattern and efficiency, 
antenna range measurements will then be made w i t h  the solid s t a t e  power 
ampl i f i e r s  inserted and operating w i t h  a combined output power of approxi - 
mately one-half watt. The measurement of i n t e r e s t  i s  the difference between 
the range received power with and without the inclusion of the sol id  s t a t e  
power ampl i f i e r s .  The difference should be equal t o  the gain of the ampli- 
f i e r s .  This difference will verify the degree i n  which the antenna sums the 
available power of the four amplifiers. Pattern measurements will  a lso  be 
taken to  compare with those taken without the power ampl i f i e r s .  As a f inal  
t e s t  to  verify the enti  re procedure, the integrated ampl i fier-antenna system 
will be tested fo r  d i rec t iv i ty  and gain,and the overall efficiency will be 
calculated. 
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FIGURE 1 SOLID STATE POWER COMBINING MODULE: CONCEPT (20 WW4TTS) 
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FIGURE 2 POMER COMBINING M I C R O S T R I  P S L O T L I N E  ANTENNA 



FIGURE 3a POWER COMBINING ANTENNA, FEED NETWORK & POWER AMPLIFIER 

BLOCK DIAGRAM 

2.6" x 2.6" ground plane meta l iza t ion  
r i ng  f o r  attachment o f  t he  2.5" x 2 .5"  
x .30" x . 015 "  brass  cav i ty .  
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F IGURE 3b COPPER METAL IZAT ION PATTERN FOR FOUR FEED MICROSTRIP ANTENNA 



F I G U R E  4a S T R I P L I N E  FEED NETWORK 

F I G U R E  4b AUTOMATIC NETWORK ANALYZER 
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