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ABSTRACT 

A r e d e s i g n  of t h e  a n t e n n a  e l e c t r o n i c s  package  f o r  t h e  NRS/GPS C/A 
r e c e i v e r  has r e s u l t e d  i n  s i g n i f i c a n t l y  reduced c o s t  a n d  improved 
p e r f o r m a n c e .  Major i rnprovements  inc l .ude  a s imp]  i f  i e d  a n d  mor7r: 
r e l i a b l e  rnul . t ip l ie r / rn i  x e r ,  e l i r n i n a t , i o n  o f  a l l  t ,wclve p i s t o n  t.r immcr 
t u n i n g  c a p a c i t o r s  i ri t h c  o r  i g i n n l  d e s i g n ,  el. i m i n a t  i o n  of  expensive 
bandpnss  f i l t e r s ,  l e s s  e x p e n s i v e  a n t e n n a  nnd a  s i r n p l i f i c d  p a c k a g i n g  
scheme.  

BACKGROUND 

Vcry e a r l y  i n  t h e  d e s i g n  o f  t h e  NDS/GPS r e c e i v e r  ( i n  19791, we d e c i d e d  Lo 
i n c l u d e  t h e  f i r s t  m i x e r  and some IF  a m p l i f i c a t i o n  at t h p  a n t e n n a .  A local  
o s c i l l a t o r  ( L O )  s i g n a l  at 100 MHz, a l o n g  w i  t,h 1-15 Vdc, was s cn t ,  t o  t h e  
a n t e n n a  package  on one  c a b l a .  The L O  was m u l t i p l i e d  t o  1500 MHz, and 
mixed w i t h  t h e  GPS s i g n a l  at.  1 5 7 5 , 4 2  MHz, g e n e r a t i n g  nn I F  of 75.42 Mklz. 
A f t c r  a m p l i f i c a t i o n  and f i l . t , e r i n g  t h e  IF s i g n a l  is  s e n t  down t,o t h e  
r e c e i v e r  on a sccond  coax c a b l e .  

Down c o n v c r s i o n  to t h e  IF a t  t h e  ant,cnna package  a l l o w s  u s  t o  h a v e  a l m o s t  
u n l i m i t e d  c a b l e  lengths bctwcen the r e c e i v e r  and  a n t e n n a .  C i ~ h l e  s u i t a b l e  
f o r  75 t o  100 MHz is  inexpensive and e a s y  t o  work w i t h .  S e v e r s 1  NBS/CP:; 
r e c e i v e r s  a r e  o p e r a t i n g  w i t h  RG-58 c a b l e s  o v e r  60 m e t e r s  l o n g .  Tn 
c o n t r a s t ,  R 60 meter c a b l e  s u i t a b l c  f o r  o p e r a t i o n  a t  ?5'/5 MIlz would be  a 
" s e m i r i g i d "  a i r  d i e l e c t r i c  t y p e  and would n o t  b e  easy t o  p u l l  t h r o u g h  
r aceways  and d u c t s .  

U n f o r t u n a t e l y ,  down c o n v c r s i o n  st t h e  a n t e n n a  c r e a t c s  o t h c r  p r o b l e m s ,  i n  
t h a t  i n  a d d i t i o n  t o  a n  RF a m p l i f ' i e r ,  we have  added a  LO m u 1  t , i p l i e r  c h a i n ,  
m i x e r ,  and  TF a m p l i f i e r  t ha t ,  must o p e r a t e  r e l i a b l y  frorn -;?!I"(: t o  + 6 0 ° c .  
WP have  had some p rob lems  wit,h t h e  o r i g i n a l  multiplier c h , q i n  d e s i g n  w h i c h  
c o n v i n c e d  u s  t h a t  a complnt,e r e d e s i g n  of  t h e  ant ,cnna p ~ c k a g e  was 
n e c e s s a r y  . 

PHYSICAL PACKAGING 

A compar i son  o f  t h e  new and o1.d antenna packqgns  is shown i n  F i g u r e  1. 
Both  arc drawn t o  t h e  same r c l n t i v e  s c a l e .  The new package  is  
r e c t a n g u l a r ,  23 cm x 23 cm x 1 0  crn ( 9 "  x 9 "  x l l T 1 ! .  'i'hc n-.ickagi- c o r i s i s t , ~  of  
t h e  10 cm h igh  aluminum c o v c r  wit,h a n t c n n a  and dome at t . :4c:h~d,  wit,h 2.5 
crn h i g h  i n s i d e  f i t t i n g  aluminum l i d  i n s e r t e d  i n  t h e  hott,orn. 4 s i n g l e  
f i b e r g l a s s - e p o x y  G-10 p r in t , ed  c i r c u i t  boa rd  is mountcd t o  t h c  l i d  wit,h 
s t a n d o f f s .  

----" ---- - ---------------- 
' ~ o r k  o f  t h e  U.S. Government;  not, s u b j e c t  t o  iJ.S. c o p y r i g h t .  



Figure 7 shows the major elements of the physical construction. One 
primary goal was to minimi~c cost of the antenna package while maintaining 
a rugged, reliable, reproducible unit. 

The single G-10 printed circuit board with rf shields mounted on it where 
needed is much less expensive than the milled aluminum cases used in the 
original package. In fact, any one of the 3 milled aluminum cases in t,he - 
original design was more expensive than the complete new physical package, 
The sections of aluminum heat sink extrusions used for rf shields require 
a minimum of machine work. The total cost of 4 shields and 3 covers 
is less than $20 per package, based on fabrication of 15 antenna 
packages. 

No attempt was made to hermetically seal the antenna package, since our 
past experience indicates that water can always get in, and once inside, 
it stays. Rather, edges of the inside fitting lid were sanded 
with a belt sander so the lid was a loose fit in the cover. This allows 
the case to breathe and maintain the inside at ambient humidity. The lid 
is inset slightly so that water running down the sides of the cover will 
not, "wick up" around the lid. All aluminum surfaces were given a 
protective chromate conversion surface treatment and sprayed with an 
aluminum m~tnl sealer. After a l l  components were mounted, the PC board 
was also sprayed wit,h two coats of sealer, which also provides moisture 
proofing and fungus protection. All outside surfaces of the aluminum 
cover were sprayed with t,wo coats of white epoxy paint,. 

ELECTRONICS 

The electronics package shown in Figure 3 provides about 65 db of gain 
from antenna to IF out,put. All rf circuitry at 750 MHz and above is 
fabricated as microstripline on the main circuit board except for the 
single Ga As FET low noise amplifier. Since this stage determines the 
noise figure of the system, we decided not to attempt to build it on the 
relatively lossy G-10 circuit board. Our original intention was to 
fqbricate the FE'T stage on a separate glass-teflon circuit board, but our 
second ltpoint-to-pointtt wired prototype LNA board worked so well that we 
decided t,o use that approach. Because of the relatively simple construc- 
tion a technician can easily fabricate ten LNA boards in one day. 

The overall noise figure of the front end is adjusted by bending a small 
inductor in series with the gate of the LNA. The noise figure for the 
first ten units is between 1.0 and l . 2 5  dB, measured from LNA input to IF 
output. The noise figure is degraded 0.3 dB by losses in the cable 
connecting antenna and LNA. 

One of our primary goals was elimination of all tuning capacitors in the 
new antenna package. Elimination of RF piston trimmers which cost a total 
of $160 in the old package a l so  helps improve reliability. We avoid 
tuning of the 750 MHz and 1575 MHz microstrip bandpass filters by 
designing for 10% filter bandwidth. Our primary concern with the 1575 MHz 
filter is to insure that response is down at least 16 dB at the 1475 MHz 
I F  image, so overall noise figure will not be degraded. Ultimate 
rejection of the stripline filter is a modest 30 dB which is not 



n e a r l y  as h i g h  t h ~  $200 commerc i a l  1urnpc:d e l e m e n t  f i l t , c r  u sed  i n  
t h e  o r i g i n d l  a n t e n n a  package.  However I t  h a s  p roved  ;~dequ ;a t e  i n  t ,hi s 
a p p l i c a t i o n .  

A l l  t u n e d  c i r c u i  t s  i n  t h c  m u l t i p l i e r  c h a i n  (50 MHz anti 1.50 MHz) a:; we l l  a s  
t h e  75 MHz (k1.2 MHz) I F  band p a s s  f i l t e r  a r e  a d j u s t e d  by b e n d i n g  t h e  a i r 7  
wound c o i l s .  No m e c h a n i c a l l y  a d j u s t e d  t ,uning s l u g s  a r e  11scd i n  any  
c i r c u i t , .  A l l  c o i l s  ;Ire wound u s i n g  AWG-7% h e a t  s t r i p p h i b l e  w i r c ,  and  a r r  
s e l f b - s u p p o r  t,i ng on t h c  c i r c u i t  b o a r d .  B e s i d e s  c o s t  r c d u c t  i o n  ;+nd 
improved rsl i a b i  l i  t y ,  wc f cc l .  ~ l i r n i n a t ~ i o n  of' v a r i a b l e  c:ip!ici t o r s  he1 p::; 
impr.ovc s t . a b i l  i!,y over* t h e  npcrlrit,ing te rnpevature  rangi?. 

Grorlp d e l a y  of' the ;dntc'.nnn package?, an import ,ant  paramet,er i n  n t . i  mc 
t r a n s f e r  r e c e i v e r ,  is p r i m a r i l y  d e t e r m i n e d  by t h e  '(5 MHz TF banrlp;lss grol lp 
d e l a y  o f  approximat ,cl .y  30 ns ( t o t . a l  g r o u p  d e l a y  f o r  t h e  RF' scc t , in r i  is 
unde r  5 n s )  . We have t e s t e d  the I F  s e c t i o n  f o r  c h a n g e s  i n  g r o u p  de1a.y 
o v e r  a t e m p e r a t u r e  r a n g e  nf  -25°C t o  +.5O0C and  found t h e  v 3 r i a t i o n  t,o 
be  lcss t h a n  1. n s .  We hope t o  v e r i f y  t h e  o v e r a l l  g roup  d ~ 1 . a ~  v a r i a t i o n  
w i t h  t e m p e r a t u r e  i n  t h e  n e x t  f'cw mont,hs, hut  e x p e c t  t h a t  i t  wil  1. d i f f e r  
l i t t l e  f rom t h e  I.F. group  d e l a y  vnr i .a t , ion .  

The m u ? t i p l i e r  c h a i n  and  t w i n  d i o d e  second harmonic  mixe r  have  b ~ e n  
t r o u b l e  f r e e  i n  t ,his  r l c s ign .  U:;C? cf t,hi:: mixer  c u t s  p e r f o r m a n c e  
r e q u i r e m c n t , ~  o f  t h e  mu1 t , i p l i ~ r  c h a i n  s u b s t a n t  t a l l y .  F i r s t ,  t ,hc i n j e c t i o n  
frequency is ha l f '  t ha t ,  n o r m a l l y  r*eclilir*ed hy a m i x e r ,  '(50 MHz i n  t h i s  c a s e  
r a t , h e r  t h a n  1500 MHz. Second ,  the power level r e q u i r e d  f o r  t h e  750 MHz 
can bc a s  low ;IS -3 d R m ,  r a t h e r  t,han t h e  t y p i c a l  +6 dBm r e q u i r e d  by most, 
d o u b l e  b;3lancnd m i x e r s .  O t h e r  t h a n  l . imit ,ed maximum s i g n a l  l e v e l  ( - 3 0  dRm) 
and l i m i t , e d  bandwid th  ('0%) r e s t r i c ! t i o n s ,  t h e  t w i n  d i o d c  mixc! r  i s  ;in 

excellent, low c o s t  c h o i c e  f o r  a mixer.,  A rnorc compli-.t.c description 
bc found i n  t h e  r e f ' c r c n c e s  [ I  I. 

The m u l t , i p l i e r  c h a i n  p r o v i d n s  211 n e c e s s a r y  power gain ;it. r e l a t i v e l y  low 
frequencies where g a i n  i.s casy t o  o b t d i n .  The +li dBm d r i v e  l e v e l  a t  150 
MHz t,o t,he X 5 rnul.tip1 i ~ r  v n r i ~ : :  li?ss t,h:in 1 dB a s  t,hc 50 YI-lz i n p u t  l e v e l  
is changcd f rom +6 dRm t o  -15 dDm. The 150 MHz d r i v c  levt2l  is a l s o  
cons t , an t  ( w i t h i n  1 dB) over. t,he f u l l  t,empc?r,3trlre rangr. .  

The X 5 d i o d e  m u l t i p l i e r  was d e r i v e d  f rom t h e  d e s i g n  o f  a similar 
m u l t i p l i e r  i n  a  Pay-TV down c o n v ~ r t ~ c r .  The Pay-TV c o n v e r t , c r  u s r d  2 lN91.4 
s w i t c h i n g  d i o d e  t o  m u l t i p l y  t,o 1100 MHz. We c h o s e  t,o use a more r e c e n t  
v i n t a g e  s w i t c h i n g  d i o d c ,  t h e  TN4153, which  worked vc?ry w e l l  i n  t h i s  
c i r c u i t .  Conve r s ion  e f f i c i e n c y  is  a b o u t  l o $ ,  i n c l u d i ~ ~ g  ~ l m o s t  3 dB l o s s  
i n  t h e  750 MIiz bandpass  f i l t e r .  

The I F  a m p l i f j e r  u::es f,hr.cc widc:hariri ((I(-: Lo 400 YH;:! int.sgr'at,eti c i r c u i t  
g a i n  b l o c k s .  Each c i r c u i t  h a s  a g a i n  nf I4 d B ,  pr70vid ing  a Lotal  of  42  dB 
g a i n .  Low.pas s  ( 150 MHz) f ilt,f!rs h c f o r ?  t h e  f i r s t  and af3t;er t h e  s econd  
g a i n  b l o c k ,  a l o n g  w i t h  t h e  b a n d p s s s  f i - l t e r  bc twecn t h c  f i r s t  and second  I F  
s t a g e s  resu'l.t, i n  c o m p l e t e  c i r c u i t  s t a b i l i t y  w i t h  no t,f?ndency f o r  s p u r i o u s  
o s c i l l a t i o n .  



The ant,enna used wi th  t h e  new f r o n t  end is a  commercial implcmentat,ion [I?] 
of t h e  v o l u t e  o r  q u a d r a - s p i r a l  h e l i x ,  p o p u l a r i z e d  by K i l g u s  131. I t  i s  
r e l a t i v e l y  small ( 2 . 5  cm d i a m e t e r  by 5  ern h i g h )  and i n e x p e n s i v e  t o  
c o n s t r u c t ,  c o n s i s t i n g  of t h r o e  p i e c e s  o f  AWG-16 wire  and one p i e c e  o f  
m i n i a t u r e  s e m i - r i g i d  coax ,  t h e  same d i a m e t e r  a s  AWG-16 w i r e .  The r a d i a t i o n  
p a t t e r n  r e s p o n s e  is r i g h t  c i r c u l a r  wi th  n e a r  hemisphere  coverage .  Ovcr a 
narrow f requency  range  n e a r  r e s o n a n c e  ( +  20 MHz) t h e  VSWR is l e s s  t h a n  
l . 4 : l :  however i t  becomes h i g h l y  r e a c t i v e  o u t s i d e  of t h i s  narrow range .  

S i n c e  t h e  LNA, when a d j u s t e d  f o r  l o w e s t  n o i s e  f i g u r e ,  is n o t  uncondi-  
t i o n a l l y  s t a b l e  :it a l l  f r e q u e n c i e s  up  t o  t h e  60 CHz c u t o f f  f r equency  of 
t h e  FET,  o s c i l l a t , i o n s  c a n  occur  d u e  t o  t h e  widely  v a r y i n g  impedance of t h c  
a n t e n n a  away from i t s  r e s o n a n t  f r e q u e n c y .  However, by c a r e f u l l y  
c o n t , r o l l i n g  t h e  l e n g t h  of  t h e  c a b l e  c o n n e c t i n g  t h e  a n t e n n a  t o  t h c  LNA, i t  
is p o s s i b l e  t o  p r c s e n t  a s t a b l e  s e t  of  s o u r c e  impedances.  The same c a b l e  
l e n g t h  has  worked w i t h  a l l  u n i t s ,  b u t  a change i n  c a b l e  l e n g t h  of  2 cm 
w i l l  g u a r a n t e e  o s c i l l a t i o n .  A more e l e g a n t  s o l u t i o n  would be t o  p r o v i d e  
a  f e r r i t e  i s o l a t o r  i n  t h e  T,NA i n p u t ,  but t h i s  would bo th  i n c r e a s e  c o s t  and 
degrade  n o i s e  f i g u r e .  
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QUESTIONS A N D  ANSWERS 

VICTOR R E I N H A R D T ,  H U G H E S  AIRCRAFT: T h a t  m i x e r  t h a t  you u s e d ,  i s  
t h e r e  a n y  p l a c e  w h e r e  d a t a  i s  a v a i l a b l e  on i t ?  

M R .  A L L A N :  I am g l a d  t h a t  you a s k e d  t h a t  q u e s t i o n .  I n  f a c t ,  t h e  
r e a s o n  t h a t  we p r e s e n t e d  t h i s  p a p e r ,  s i n c e  N.B.S. i s  a  s t a n d a r d s  
l a b o r a t o r y  s e r v i c e  o r g a n i z a t i o n ,  we h a v e  had s e v e r a l  r e q u e s t s  f o r  
t h e  c i r c u i t .  R a t h e r  t h a n  g i v e  i t  o u t  on a o n e  a t  a t i m e  b a s i s ,  we 
d e c i d e d  t o  g o  a h e a d  a n d  make  i t  a v a i l a b l e  t o  t h e  p u b l i c .  Arlyone 
who d e s i r e s  t o  h a v e  c o p i e s  o f  i t ,  we a r e  now m a k i n g  i t  a v a i l a b l e ,  
and we a r e  c h a n g i n g  o u t  o u r  o l d  r e c e i v e r s  w i t h  i t  a s  we h a v e  t h e  
o p p o r t u n i t y .  C e r t a i n l y  you a r e  w e l c o m e  t o  i t .  T h e r e  i s  a f e e  i n  
t e r m s  o f  l a b o r  and  c o s t  o f  p a r t s  and c o s t s .  I t ' s  v e r y  r e a s o n a b l e .  

G E O R G E  R E S C H ,  J E T  PROPULSION LABORATORY: What k i n d  o f  scheme d i d  
you u s e  i n  t h e  l a s t  s l i d e  t o  c o r r e c t  f o r  t h e  i o n o s p h e r e ?  

M R .  A L L A N :  I t 5 t h e  K l o b u c h a r  model  t h a t ' s  i n  t h e  d a t a  word.  




