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1 . INT RODUCT I ON

1 . I Pro~ ram Ob )ec t ices

The o b i e c t i v e  of this  pro qr am was to develop a f requ ency
t rans la to r  an d l inea r am p l i t u d e  m o d u l a t o r  t o t  the h igh  ba n3 s imi l a r  to
the low hand u n i t s  ie~’el opo.1 on Ccmtr acts N 0 0 0 1 4 — ~ 4 — C — 0O66 and

N 0 0 0 l 4 — T h — C — i.’181 .l .

The Ri’ c irc is i t s  o the low bu rid t r a n s l a t o r  and m o d u l a t o r

were 0 . 0 2 5 ”  a l u m i n a  m i c r o s t r i p .  Those c ir c u i t s  were adequ ate  with

respe ct to loss coup l er  d i r e c t i  c i ty  and ma tch  - \Ve reco~~nized t h a t  these

p aram ete r s  would ine~’i t ah i  deqi  a~ie on mcci no to the h i g h  ban3 , and

som e coo :u ~ance  was t .s~~en o~ t h i s  in  th e  hici h hand  p or t o r m an c e  s p e c i —

i ca t i en s  - c Oxp ‘c h at  it  we Id be p~~~s ib le t o t r a n s l a t e  the low

h and m i c r o s t r i p  de s ign s  to the ’ h i u h o r  f r e q u e n cy  us in u  t h i n n e r  a l u m i n a

s u b s t r a t e s  . N ev e r t h e l e s s  , we f e l t  thu  t a l t e rn a  t o app roaches  she ild he

exp lore.i  f r o m  the ou t s et  to ensur e  success  . Thus , a second ob jec t ive

was to exper iment  w i t h  o ther  t r an s m i s s i o n  l ine  m e . i i a  t~~r so m e ot the

b as ic  ci r cu i t  com p on en t s  in the  t r a n s l a t o r  and m o d u l a t o r

The ba soba nd mo du l ato r  t o r  t h e  t e~ aencv tr a nsla t or  a rid th~
d ri ~‘er for the  l ine ar  a m p l i t u d e  mod u l at e  , developed on the s eco n .i low

ha nd c on t r a c t  , p e r f o r m e d  q u i t e  sa t i s  t a c t o i - i l v  . Sinc e the des igns  of these

u n i t s  are independen t  of th e  RI ’ t r e g u e n c  , we used the same des igns

with only m i n or  p ack ac i in ~i ch an qes  , on th e  h i h  ban d compon ents  . This
contact did not inc lude  an y  f u r t h e r  d r ives  dev e lopment

_ _ _ _  _ _ _ _ _ _ _ _ _  ~~~~-



1.2 Frequency Translato r

• The frequency translator takes an input microwa ve carrier

frequency and shif ts  it either up or down by an offse t  frequency In the

audio range .

The design requirements  and specifications for the High Band

• Frequency Translator  are the following:

Bandwidth:  Hi gh Band

• Baseband

Conversion Loss: 12 dB maximum , 10 dB ,  goal

Carrier Suppr ession:  13 dB minimum

Unwanted Sideband Rejection:  15 dB min imum

Spurious Sideba nd Rej ection: 15 dB minimum

RI ’ Input  Power : 100 mW CW , maximum

Operating Temper ature Ran oc :  Room to 80°C

RI ’ Connectors: SMA Jack

The unit  mus t  be capable of upward and do~;r.wa rd translation , with the

direction selectable by application of a control voltage.

The t r ans la tor  design concept is the same as that  of the low band

translator , modified as app rop~iate for the higher  RI’ f requency.  The

translator is composed of art RI ’ section and a baseband modulator section ,

as diagrammed in Figures 1 . 2 .  1 and 1 . 2 . 2 .  The RI ’ section is an image

out phasing single-sideba nd modula tor using balanced mixer configurations .

Its basic circuit  elements are an in—p h ase  power divider , three 3—dB

quad rature hybrid couplers , and four  modulator diode mounts with baseb and

-2-
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f i l t e r  networ~.s. The baseh an d modula tor  con st s ts  of a driver , a pair

of phase s h i i t i n u  networks capable  of operat ion over a threedecade band-

wid th , and a se lec tor  s w i t c h .  I t s  inp u t  is a s inusoidal  voltage at the

modu la t ion  or o~tset  t r equenc v

1 - 3 Li no.s Amoj i  t u de M o du l a t o r

The d e s i un  r e qu i r e m e n t s  ar i d s p e c if i c a t i o n s  for  the  h igh  b an~i

l inea r  a m p l i t u d e  m o d u l a t o r  ar e  as t o i lo ’.vs

B andwi~it h : Hi gh Band

Dy namic  R a n u e :  45 dB m i n i m u m

I n s e r t i o n  Loss A .5 dB m a x i m u m ,
2 . 0  dB goal

A t t e n u a t i o n  F l a t n e s s :  ~ 1 .0 dO m a x i m u m  ÷ 0. 5 dB g o al

10 d5 a~ t c nj a t i o n .

± 10 ~ m a x i m u m  ~
- 5~. goa l

~ 10 dO a t t en u a t i o n .

VS\ V R :  2 .0 :1  m a x i m u m

Poa’e r H a n ~i I i n a :  3\V ~ m a x i m u m

M o d u l a t i on  R a t e :  1 M H z

Swi t ch ina  T im e :  s~~~ s : : a x i m u r n

DC an d  V i d e ~ to  RI I s o l u t i e : : :  5 1  .IB m i n i m u m

• DC Powe r :  l~~ ’ only , d e s i r a b l e

Control  ‘.‘e l t a u e :  0 -S t .’

L i n e a r i t ~~: ~ JO ~‘o1t ÷ 1 dO
COperat in g Temper ature  R a n g e :  Room to t~0 C

RI’ Connecters :  S M\  )a L *



• The VSWR and bandwidth requir ements dictated the use of the
matched at tenuat or  configuration , shown schematically in Figure 1 .3. 1.
This is also the same configuration used at low band . The same 3—dB
quadra ture  hybri d developed for the frequency translator ar 9  used In the
modulator .

In the low band modulat or the diode arms each consisted of four short
0 .0 2 5 ”  thick , alumina microstrip 50 ohm lines , with the shunt diodes
mounted on the housing floor in the gaps between the alumina tiles .
We had origina lly proposed to investigate th is same construction as well
as a TFG (Duroid) microstri p approach . The advantage of this is tha t
the diodes could readily be shunt -mounted  by removing the dielec tri c at

• the appropriate points so that  only one circuit board is needed for each
arm . Furtherm ore , since the Duroid substra te is approximately the
same thickness as the diodes ( 0 . 0 0 7 ” ) ,  the diode bonding strap induc —
tance could be mi nimized . Because of these conveniences , we
immediately adopted the Duroid microstri p approach and did not a t tempt
to use alumina micro strip for the diode arms .

• The modulator  driver consists of a linearizing network , a leading
edge spiking circuit , and a trailing edge spiking circuit , as indicated
in k’igure 1.3 .2 .  The single breakp oint  ad jus t s  the long term diode
current to such values that  the RI ’ at tenuation is approximately proportional
to the input command voltage . The spiking circuits apply overvoltage
pulses to the diode--proportiona l to the command voltage on the leading
edge and a fixed ampl i tude  on the trail ing edg e——to speed up the switching
transients .
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1.4 Org~ niza tion of Presentation

In Section 2 we summari ze the development work on the
principal circuit components . In particular it describes and compare s
the results on microstri p and stripline 3—d B hybrids and in-phase power
dividers . Section 3 covers the frequency translator , Including its
theory of opera tion and the performance data on the un it  buil t .  The
linear modulator is simila rly described in Section 4 , and Section 5 con—
tains the conclusions and recommendations .

—9—



I
2 . COMPONENT DEVELOPMEN T

2.  1 Discussion of Tr ansmiss ion  Line Media

Perh aps  the most d i f f i c u l t  RI ’ performance specifications to

meet are conversion loss and carrier suppression on the f requency t rans la to r

a nd inser t ion  loss on the l i n ea r  modul a to r .  Conse quent ly ,  the c i rcui t

loss and the coupler  d ir ec t i v i t y  at t a in ab le  are pr imary considerat ions

in sole ct in  i su i t a b l e  t r ansmiss ion  lin e mater i a ls  for the components.  
p

As ment ioned in  the i n t roduc t i on ,  al umina  microstr i p ~vas sa t i s fac tory
• a t  lo~v ha n d , a nd the h igh h and spec i f i ca t ions  make some allowance for

in c ’ceased loss and re du :eLl coup ler d i r e c t iv i t y  in the h igh  band . There —

fore we expected that a lumina micro str ip  ~ oald ~ls o be s it i s f a c t o r y  in the

h igh  b an d .  Nev e r the less  we t e l t  i t  would be advisabl e  to exper iment

w ith  a coupl e ot o the r  a l t e r n a t i v e s  in  case we ran in to  t roub le  wi th  the

a l u m i n a  micros t r i p

In p a r t i c u l a r  we c !iose to 1oo ’~ at ha l an ce  I s t r i p l i n o  for the 3—J O

hyb rids , b ecause we expected p o t e n t i a l l y  lower loss and h i g h e r  d ir e ct i v i t y

by v i r tue  of i t s  wider l ine w i d t h s  and u n i f o r m  d i e l e c t r i c .  [‘or the diode

arm s of the m o du l at o r  and  the diode m o u n t s  in the t r an s l a t o r  mixers  we

considered Dur oid  m i c r o s t r ip  beca use  i t s  loss should  be co:i~p~ rab le  to

a l u m i n a  , the diode m o u n t i n i  would be conven ien t  , and , I t  s t r i p l ine

couplers were used , the  en t i re  c i r c i m  It coal~I ac pr in te  on a si ii u t ’  c i r cu i t

board .

-10—
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It Is v i r t u a l l y  imposs ib le  to decide among the various media with
respect to loss on pur e ly  theoret ica l  grounds , and one mu s t  resort to
exper iment a l  comparisons . This  fac t  is I l lus t ra ted  In Table 2 . 1 , In which
we compare  th e  l i ne  losses it  10 G 1-I z for a lumina , and Durold microstri p
of d i f f e r e nt th ic kness e s , and  f or Durold s t r ip l ine , calculated from data
or the ory t ro m severa l d i f f e r e n t  s ources .  Note tha t  the spread in
ca lcu l ated  conductor  losses for a given line grea t ly  exceeds the  differences
amon a  th e  l i n e s  , and tha t  in genera l the losses of all the lines are
rou gh l y  con ip arahi t ’  . it  is p ar t i c u l a r l y  impor t an t  to note that  a l though
the conductor  loss on m i c r o s t r ip  increases as the th ickn ess  decreases ,
the r a d i a t i o n  losses decrease  and tha t  the t otal  loss is th e same or
lower for  the  t h i n n e r  s u b s t r a t e s . The r a d ia t ion  loss is ca lcula ted  for
open s t u b  r esonators  - N e i t h e r  t h e  t r an s l a t o r  nor m o d u l a t o r  have a n y
such iesona nt e l emen t s  , so t h e  ca l c u l a  t i ons  pr obabl y or eat ly  overes t ima te
th e r a d i a t i o n  losses we wou l d  en c o u n t e u  -

—Il —
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TABLE 2. 1 M ICROSTRT P AND STRIPLINE LOSS COMPARISON
50 OHM LINE AT 10 GHZ

I - —
- 

~~~~ T - - - 
A ~‘ 

— I ~~~
‘• I-

Microstr ip Stripline
_____ ____________ Alumina Duroid Duroid

h— inch 0.025 O~.0l5 0.010 0.007 0.062
h — cm 0.064 0.038 0.025 0.018 0.157
w/h 0.95 0.95 3.0 3.0 0.7
t/h 0.008 0.013 0 .14 0.20 0.023

10.0 10.0 2 . 2 2  2 . 2 2  2 . 2 2
6. 7 6 .7  1.9 1.9 2 . 2

Xe _ cm 1.16 1.16 2.18 2.18 2.01
tan~ 0.00005 0.00035 0.0008 0.0008 0.008

Dielectric Loss , a d \g (dB /wa ve iength)

0 .0013 0.0013 0.018 0 .018 0.022

Conductor Loss , a X• 
C g

Schneid er L 0.022 0.035 0.054 0.076• PMH 2 0 .048  0 .079 0 .058 0 .093
BD 3

~4 0.053 0.090 0.098 0.132
OHS 0.039 0 .167  0.130 0.180
Howe - 0.057
MEH € . 0 . 114

Radiation Loss , a
• 3 r g

RD 0.140 0.043 0.071 0.035

Total Loss , a
t o

BD3 

~ 
0.194 0.134 0.187 .087

Howe 0.079

Ref.
1. M. V. Schneider , “Microstrip Lines tor Microwave Integrated Circuits ” ,

BSTJ 4B ,p1421 , May/June 1969,

2. R.A. Pucel , D. J. Masse , C. P. Hartwig , “Losses in Mi crostrip ” ,
MT T—1 6 , p342 , June 1968

3. E. Belohoubek , E. Denlinge r, “Loss Considerations f or Microstr i p
Resona tors ” , MTT— 23 , p522 , June 1 975. -

4 .  M. Caulton , J . Hughes , H.  Sobel ,  “ Me asurements on the Properties
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2 . 2  3-dB_Hybrids

The f i r s t  tr ial  couplers were a microstr i p coupler on 0 . 0 2 0 ”

a lum i na and a st r lp l in e  coupler with 0 . 1 2 8 ”  gr ound p lane spac in ~~. The
microstrip ce ipk’~ was i tande ui connection of two 8. 34 JB couplers , j us t

as used on the low band circuits . We used a 0.020” substrate In an

effort to k eep the loss d o w n .  The st r i p l ine  coupler was a s ingle  3— se c t ion

coupler us in  a 0.0~I S” Duroid spacer between the overlapped , coupled

lines . To obtain the desired 1 .7 dB coupl ing  for the center section

with a 0.005” spacer  we ne ed i 0.128 ground plane spacin4 at the center

section. To simplify the cons t ru ct i on  of the f i r s t  t r i a l  coupler we

carried this 0.128” ~iround plane spac in q  throughout the three sections

an :i the feed Ii nc s , a n i h aped th a t h i gh er  order modes would not be

excited .

Figures 2 . 2 . I an 1 2 - 2 . 2 show th e  test results o~i these i n i t i a l

couplers  , a l t e r  t u n i  n.j them up  tor  the  best performance .

The mic !  e s t r i p  coupler is somewhat  over coupled , to abou t  2 ~~~6 JO
an I there . ipp ~’ar s to be a lossv rea ion j u s t  above  the  center f r e qu e n :y

The isolation , while f a l l i n g  shor t  of the desir ed 2s d O ,  is st i l l  qui t e

reasonabl e——ho tter than 19 ~iB except  at the extreme hit h end of the

bind , where i t  rolls ott to about 1 • JO - The \‘~ \VR is u n d e r  1 - ove;

the ent i re  han d , As ide from the  hh ;h  loss reg ion , the insertion loss is

rouqh ly 1 . 1 to 1 .4  du , i nc l t id in . i  the connectors  , which c o n t r i b u t e  ap p r o x i m a t e ly

0. 3 to 0 .6  dO .  T hu s  t h e  coupler  loss should b~ a p p r o x i m a t e l y  0 .8  dO .

• •~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .•~~~~~~~~~~~~~~~~
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The stripline coupler did s u f f e r  h igher  order mode excitat ion in the
upp er h a l t  et the band , so t h a t  the response there is very uns a t i s f acto ry .
In the v i c i n i t y  ot  the lower band edge , it is reasonably close to a 3— dB
coup le r  w i t h  a \ ‘S\VR under  0. 8 and loss of about  1 dB,  with connectors .
h owever , the i so la t ion , above  1

L ’ is never  be tter than 16 dB ,  which was
not  ve~~ p r e m i s i n a

~\n o t h e r  st r ip l i n e  coup l er  was  made  us in g  a 1 —n j i l  t e f lon tape spacer
botween the Ii no~ in the  c e n t e r  sec t ion  thereb y reducing the ground

p l ane  s p ac i na  to L 1 , . The r e s u l t s  on th is  coupler are shown in
Figure . . 2 . 3 . Clea r ly  , the ht~~h er  ord er  modes are abse n t a nd th e

coupler is w c l l — b ~ h aved  OVO ~ the entire nand . in particular , the loss
runs  t r om ~~ . ~‘ to I . I dO w i th  conne cte rs  , an.i  the  m i s m at c h  is un der

1 .8. H owev er , the i s o l a t ~ on is s t i l l  and ~~r 2t ) J O  over  substantial portions
et  th e

\ \ o  co n c l u d e d  t h e n  , t h a t  a i t h o u c h  thc i n s e rt i on  loss o t the strip 1~ iie
coupler  was l~~w~~r t han  t h a t  ci the  n i c r o s t r i p  coupler  by 0 .3 to 0. S dB

the d t r e c t w i t \  c’~ the s t u ip l i n e  coup l er  was u n s a t i s f a c t o r y , and that we

we c a n l i k  clv to ac h ie v e  sat  t i c i en t  imp eve ne: ’ by ad di len a I t an i  n~ •
Th or e to r e  , we tu rn e d  on :  a t  t en  N on. to t h e  a i u ;n i n a  m ic r o s t r i p coupler

which  appeared  to nec i o n ly  5 li~~h t  ad 1 us t n en t s  to the coup l ina  and
i m pe d a n c e  levels , i • . li n e ~v i d t h s  a n d  ~n i p s  . It sh ou l d  be r em ar k e d

th it  c on n e c t o r  m i s  na t ches c o n t r i b u t e d  s i a n it i c a n t ly  to the low i s~~1at ion

near  on the m ic r os t r i p  :euplc~ , and much e f f o r t  was  devoted to

impro\ -i n.~ the conne c ter  m a t c h  in  t he  sans  e~ u e n t  work

- I t ’ - 
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The tn l ccos tr ip  co up l e r s  on 0. 020”  a l u m i n a  did nOt respond
favorab ly  to m inor  a d j u S t m e n t s  in  ..ia p m d  l ine widths  and line lengths
In s t udy i n a  the proble m we made and tested a series ci 3—sect i on
8.  34 dB an I s in g l e — s e c t i on  t~ and  22 . dB couplers . The tre nd tha t
emerLied t r om the se  e x p e r i m e n t s  was th a t  the coup l in ~ was  t i g h t e r  ari d
the cen ter  t r e q  u e n cv  a b o ut  ~~ porc ent  h ighe r  t han  the des ian  v a l u e s ,
an d  tha t  d ie lec t r ic  o v e r l ay s  di.i not  c en s i s t e n t l~- i m p r o v e  the direcli vi ty
Empi r ica l  c o r r e c t i o n s  b a se d  on th e  s i n g l e — s e c t i o n  co u p l er  da t a  , resul ted

in 8. 34 dO co. .plers  t h a t  wei e st i l l  evet coup l ed  and had  reduced bandwidth  -
On r eviewinn a l l  ot t h a t  d at a  , we noted tha t  the  :neasnr o ~i couo l in g  at  th~
de s ign  center I e qa e nc i e s  t end e d  to b~ close to th e  d~~sie r i  v a l u e s  - It

app~’ared t h a t  the c o n t i n u e d  t i n h t e n i  rim ot con p1 1 flu a t  tr cq uencies  ab~ vt~
the d e s i m n  center  is a s pu r i o u s  e l t e c t  icr wh i c h  we h a v e  no r eady
e ’wlanat ion , and  can o n ly  a tt:ibn t~ t~ h i u h e r  er~der :u~~dc~~’

Since th e  u s u a l  car e  t o~ h i~j h e :  ord er  n od es ’ in  u i c r o s t r ~ is a
th inne r  s u b s t ra t e , we r c ies im nod t h e  c o u n l er  I c r  0 . 0 1  :~ ‘ a l u m i n a . The
re su l t s , lo l low ina  one s i m p l e  cor r ec t i on , in which  the  c en t e r  coupler
was s ho r t c n e , .  an d  th~ end s b r i m  t h e n o d  nv  S~~, to f l a t t e n  ou t  the coup l in ~
slope , are shown in Fim nr c  2 .2 - 4 - Th .~‘ c oup l i  n~ is ~ n i l e  f la t a cross
the n i r i d  , r a n u i n a  t r om 3 .0 to 3 . 2  d O .  The in s er t i o n  loss runs  t r o r :
1 . 1  to a b o u t  1 ,8 d O ,  i n c l u d i n a  connect o r s , wh i c h  is ~liuNtlv h i m h e r
t h a n  tha t  ~ n the  0 . 0 2 0  s ub s t r a t e .  The i s o l a t i on  is b et t er  t h a n  20 dO
an. i the \‘S\\ R und  o~ I • 8 ever  t h e  en t ir e  b a n d ;  a s ide t o n  the  sh o r n
roll off a t  , t h ey  are b e t t e r  t h an  22 di; and I . .~ r ’ ’~ pe ct i  velv -

it is very poss ib le  tha t  the r oll  o t t  is lara ~’ly due t~ th e  c on n e c t o r s  and
adapter s  in the m e a s u r i n g  svst c :u  . In ~iencra l , the  port c ’rma nec is qu i t e
satisfactory except perh aps  t o :  the l oss a t  t h e  h iç~h end

— 18—
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2. 3 In—phase Power Dividers

The first trial 3—section Wilkinson power dividers were

on 0 . 0 2 0 ”  alumina rnlcrostrip and Duroid str ipl ine with 0 .067 ”  ground

plane spacing . The resistors on both units were rnetalized alumina chip

resistors ,

The characteristics of the microstrip circuit are shown in Figure r
2.3.1. The power split is excellent and the loss runs from approximately

0.3 to 0.8 dB. (There is an anomalous bump near f , which must be a

measurement error, since it implies net gain,) The isolation is better

than 17 dO, and the VSWR is under 1.8 both of which are quite acceptable

for our application.

Suspecting that the VSWR and isolation peaks might be due , at 9
least In part , by the excess capacitance of the alumina resistor chip s ,

we made a divider on which the film resistors were made by leaving the

chrome on the circuit board in the appropriate places. The results for

this divider are shown in Figure 2.3.2. The improvement in isolation

and VSWR wa s only slight , and the power split remained excellent. The

insertion loss app9ars to have increased to 0.5 to 1.3 dB. However

since the calibration level for the insertion loss measurement in Figure

2.3.1 Is suspect , we believe that the loss in both cases is about the

same and that the data in Figure 2.3.2 is reliable.

-20—
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Figure 2.3.3 shows the responses of the stripline coupler. Since
Its performance is obviously una cceptable , and the micros trip coupler
work s so well , we made no further effort to make the stripline divider
work .

Although we were forced to go to 0 .01 5” alumIna for the 3— dB
hybr ids , there appeared to be no evidence of higher order modes in p
the 20-mu power dividers . Therefore , in order to keep the loss down , P

• we used 0 .020 ”  mater Ial  for the divider and 0.0 15 ’ materia l for the
couplers in the frequency t ran sla tor .  P
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2 . 4 BIas Tee for Freq ue n~ y Tr ans la tor

On the frequency translator an excellent match to the mixer

diodes is required at its qu1escent~operating point , i.e. in the absence

of the baseband modulat i on.  Therefore a broad ba nd , well-matched bias
network is required through which to apply the modulat ion.

The bias tee network used consists of a quarter-wave 100-

ohm stub at  the center of a h a l f — w a v e  4 2 . 5  ohm matching section. The

stub i s terminated  wi th a 20 p1’ chip bypass  cap acitor . Figure 2 . 4 . 1
shows the ldy out  of a d u a l  b ias lead test circuit to check out  the match
a nd loss of a bias tee and the RF cross-talk between leads.  The dotted
line indicates the portion of th is  c ircui t  used for tun in g  the network with
a diode i n place .

The loss , VSW R and isolat ion between leads are g iven  in
Figure 2 . 4 . 2 .  The large VSWR spike near is due to connector—adaptor
mismatches , which were a cons tan t  problem in this f re qu ency rang e .  The
b ehavior of the bias tee i t s e l f  is excellent , a nd it required no fu r the r

tuning to obtain the desired broadband diode match .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • ..~_ _ _ _
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The t h e o r y  ~ nd d e s iQn  of the  ha seb and m o d u l a t o r  was

co ~‘e red in d e t a i l  in  the Ii na I reports for the two I ow h an d cent  ra c t s
Since  the hL~h band translatci used the same modulator as the  second low

band u n i t , and no f u r t h e r  d ev c l o p m ent  was  u n d er t ak e n , we w i l l  n~ t r eport
the  whole  s to~v he~e . I n s t e a d , We w i l l  s i m p l y  su m m . i r i  :e i t s  b a s i c  d e s i .a n
f eat u r e s

The baseban d  me l u l a t e i  se c t io n , s ho wn  in b lack t e rm in
F i a u r e  1 .2 ..~ c o n s i s t s  et an i n n u t  d r i v e r , a p a i r  ot phase  sh i t t t n ~ n e t —

work s , a s ideha ni s e lec t o r  s ¼V i t c h  , a n.i a p a i r  e I o u t p u t  ~‘cl t a co  drivers

The i n p u t  d r i v e r  s p l i t s  the  a u d i o  i n nj t  sk in a l  at  the d e s ir e d  o f f s e t  t r e —
q uon c y  i n t o  t w o  o u t p u t s  eq a u  in  a r u p l i t  u.i e an  i l8~~ ~ ut of p h a s e  w h i c h
d~:ve the ph usc s hut t er nt ’twor ~~s , The l a t t e r  a re  . u i l — p a s s  RC f i l t e r s  Jo —

st oned te~ an .‘.r t  p .~t pha Sc L t e r  ence of ~ .~~ ~ ovc :  th en t  i F e  h a s

Th o selectet sw t t c h  t t a n s t c ~ s th~ a u d i o  t r e S ~u c n :v  d r i v e  b e t we e n

• di ode s to r u p~~or a n .i lower si d eb,i nd ~ ener a t i e  n .  The en t p u t  ~‘o I ta a e d r i v e r  s
p r o v i d e  a lox so u r c e  i n i p ~ d ~nce a n d  t h e  da b i a s  f o r  t h e  no i n l . i t o :  . i i e . i e s

in the RI’ sec t i o n .

The i n p u t  dr i~~e~ i n the b .r s e b a n . i n e du I . i t e~ , sh oivn

schema rca  l iv  in I’ i au r c  .‘ - - 1 , p r e y  ide s a low — i npcc.r  ~~~ , h.u Ia n.~t’d
i n n u t  to the ph ~se s h r t t i n ~i n et w o rk s . Oo th  ph . i s e  and  u m p l i t u . i e  b a l a n c e

are  e s s e n tia l  to a c cu r a t e  p ’i.~se sh~. t t  . I’he a c — c o u p l e d  i n p u t  s i a n  i i

passes t h r ~~ucr h a u n i t y  a u r n  e m i t t e r  t o l l e~~er t o p r o v i d e  t h e  “ o u t p u t

while the ‘ — “ out  p.0 i s  ~ie~ ived  f r o m an i n v e r t i n a  ope:  a t i e n  i i  a : np l i :  icr

connected in the t ee d — t orw a d n~ do  . rhi s c i i  c at t m a i n t a i n s  a ccn~ a t e

phase and a n n  Ii  tu de  ha i i  n et ’ ever  the  ha s e b a n d  t ro n  — 
~‘ C to • 11 ~
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The key element of the baseband modulator is the phase difference
network which provides a quadra ture  phase difference between the outputs
while ma in ta in ing  ampl i tude  bala nce over a 1000:1 bandwidth . It consists
of two a l l—pass  RC phase sh i f t ing  f i l te rs , shown schematical ly in Figure
2. 5 .1  designed to ma in t a in  a 90 ° di f fe rence with a ± 2° ripple over the 3
decad es. The design is based on the synthesis  procedure developed by

* 0Weaver . The phase error is 0 to + 4 , 5  and the voltage imbalance is less
tha n 5 percent over the 1000:1 bandwidth .

The sideba nd selector switch is an integrated circuit dual SPDT

switch us ing  CMO S FET ’ s as the ac t iv e  switchi ng elements .

The ou t pu t  voltage d r i v e r , Figure 2 . S .2 , consis ts  of an impedance
transformer , art amplif ier section , and a current boost transistor. The

transformer provides a high impedance termination to the phase shif t
network and a low impedance source to the a m p l i f i e r .  The a m p l i f i e r
recovers the s iana l  a t t e n u a t i o n  in the phase sh i f te r , a nd the cur ren t

boost prov ides a low source impedance to the diode load .

2.6 Linear Modulator Drive r

The modula tor  driver is the same as tha t  us ed  on the second
low—band  l inear  m odula tor .  I t s  des ign  and operat ion are described in
detai l  i n the f ina l reports for the two low ba nd cont rac ts , and w i l l  not

be repeated here . The comple te  s c h e m a ti c  d laara m is given in Fioure
2 . 6 .  1 for r eference .

* D. K . Weaver , ” Deslon of a Wide-Band  Phase D i f fe rence
Network , ” Proc . IR E 42 , p p 6 7 1 — 6 T h , Apr i l  1~~S-~
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3. FRE QU ENC Y TRANSL~TOR

3 .1  Th~ç~~~
The RE section of the translator is an image cancelling

single-sideband modulator , as shown schematically in Figure 1 . 2 .  1.
The input carrier is split by a broadband In-phase power divider a n d fed

to the two quadrature hybrid coupled mixers . The baseband modulation

is applied to the two mixers in phase  quadra tu re . The phases of the
upper and lower sidebands coming from each mixer are such that they are

separated by th e ou tpu t  hybdd as shown . If the phase of the modulation
app lied to the lower te rminal  is changed from _ 93 0 to +90 0, the sideband
outputs are reversed .

Idea l ly ,  the impeda n ’e  of the mixer diodes should be
purely r esis t ive , a nd the res is tan ce  should vary such tha t the reflection
coeFicient varie s sinusoid al ly  a t  the mod u la t ion fre qu ~ ricy as ident i f ied
in Figure 3 . 1 . 1 .  When this condition is met only thc desired f i rs t  order ,
a nd rio high cr  order , sideba rid s are generated.  Furthermore , if the t ime
average of th e reflectio n co~ ff i c i e nt is zero , the carrier is completely
suppressed . Note tha t  the m i n i m u m  conversion loss for each sideba nd
is 6 dB which occurs for 100 percent modula t ion .

Forwa rd biased PIN diodes come close to sat isfying these
idea l requi rements .  Firs t , they have very li t t le  paras i t ic  reactan ce ,
making th em essent ia l ly  vol tage or current  var iable  resi stors so that  a
b roadband match can be r eadily obt a in ’d at  a fixed b ias level.  Second ,
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~ the r e f l e c t i o n  c o e f f i c i e n t  as a function at bia S voltage va ries ant i  —
symmetrically about  the match . 1,10 ur e 3 . 1 - 2 shows the reflection

I coefficient characterist ic for a PIN diode chip termina tion a 50 ohm4
n h i c r o s t rtp  Ii  n • ’ - The solid l ine  is a 5th order polynomial fi t  to the dat a
o’.’er the r a n ~ e shown . Al thou gh  the re f l ec t ion  coeff ic ient  does not vary
l i n e a r l y  w i t h  the a pp l i ed  ye lt ac i o , the  polyno:iiia 1 conta ins  only odd
pewo r~; of t h e  vo lt i n e  excurs ion  fro m the match up to F = ± 0 . 8 .
Cons e~t u o n t l y ,  I t  th e  diode is d r iven  s inus o idal ly  a t  the modula tion

~~ tr e~ ire ncy b y a \ ‘o lt iqe source , on ly  odd order sideba nd s will be generated .
- I l a i r re  3 - 1 .3 shows the convers ion loss and ratio of third to f i rs t  order

sldeh.r  ni levels  as a func t ion  of the ac dr ive  am p lit ude calculated for the
p o l y n o m i a l  shown in l ’iqur e 3. 1 . .1 . Note th at  for d r i ve  levels in the

I () . I .‘ to 1) 
- I / ~‘olt ra n.ie , the  con\’ er -~ ion loss is less th an  9 riB and th e

3rd o~ do: s u r t p r e s  ion  is  b et te r -  t h an  lb  dR . Al though  some waveshap ln ( 1
c i r cu i t r y  c a r  h i  he employ ed  i n t h e  ~1ri  “er to reduce the a mp l it ud e s  of the
h i o h e r  h ar m o n i c s , these  r e s u l t s  in d i c a t e  t ha t  such c o m p l e x i t y  is not
r ecpi i re d -

1’ ieur~’ 3 . 1 - 4 Summar l  005  how the tr ans la for  p er t  o rman ce

i ’ ’rO ~
; on t h ’  p e r f o r m ance  of the  i n d i v i d u a l  c o m p o n en t s  . I t  is i m p o r t a n t

t o  note t h a t  t h e  c a r r i e r  s u p p r e s s i o n  is I loverned by the Llire ctlvltv of the
mixer i i :  t i r e  I i y h r  hi c o u p l e r s  as wel l  i s  t d ~~ !i d ie  h’ niatci -,. Also the
r ej e ct i o n  ot  t h e  u n w . r r i t e d  ( imn. i ~~~) s id~’Lt .i m , I reL luir& ’s ph ase  and  a m p l i t u d e

net ’ h, ’tw ~’en t he  t~vo m i x e r s

• — 1 b —
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PERFORMANCE FACTOR CONTROLLING CIRCUIT FACTORS
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RF POWER L I M I T  AF L EV E LS

FIGURE 3.1.4 RELATIONSHIP OF TRANSLATOR PERFORMANCE TO CIRCUIT
CHARACTERISTICS
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3.2  Layout and Construction

The layout of the mixer circui t board is shown in Figure 3 .2.  1,

and Figure 3 . 2 . 2  is a photograph of the RF section. Refer to Figure 1.2.1

for the schematic diagra m of the network . The input power Is equally
split by a 3-section Wilkinso n power divider and then fed to two balanced

- mixers , each consisting of a 3-dB 90~ hybri d coupler with Its direct and I

coupled arms terminated with PIN diodes. The outputs of the mixers ,
0from the fourth arms of the hybrids are fed to another 3-dB 90 hybrI d

such that  the upper and lower sidebands emerge from the two output ports ,

as indicated in Figure 1 .2 .1 .

This power divider Is on .020”  thick , 99.5  percent pure

alumina microstrip , and the load resistors are etched from the chrome

base layer of the Cr—Au—Cu—A u metaliza tion. In the corner of the power

divider substrate , a chrome square with two gold contacts can be seen.

This was used to check the metalization resistances. The initial

resi stance was approximately 80— 90 ohms per square . This was trimmed

up to 100-110 ohm per square by quickly etching the chrome in dilute

etchant .

Each 3-dB hybrid consists of a tandem pair of symmetrical

3-section 8 .34  dB couplers with dielectric overlays to improve the

directivlty . The overlays are of 3-M E p s i l a m— l O  material , cemented H
down with a Tb 2 

- loaded styrene glue . The mixer substra tes also have

the bias tee network s , the PIN diodes and MOS dc blocking capacitors .

Tri e la t ter  are visible in the photo adjacent  to the input and output  subst ra tes .

M etal ized a l u m i n a  chip capaci tors  are mounted on the circuit floor , through

holes in the mixer subs t ra tes , to serve as RI’ bypass capacitors .

IT• • - 
_
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F

Th~ ac drive , f r o m  the baseband modulator , is applied via

the 4-pron~i pl ug and the g lass -meta l  feed thro u~ hs clearly visible in
the ph oto .

3. -~ P er to rm ,mnce l~a t a

Typical p er f o rmance  data  t• or the complete t r a n s l a t o r — — R I ’
and ha seha nd modula to r  sec t ions  — —are  plotted in Figures 3 . 3 - 1 and

3 . 3 .  2 - The da t a  were tak en fo r  a f i x e d  o f f se t  f r equency  and input  p ower

level  , bu t  the  resul ts  are es sen t i a l ly  independent  of o f f s e t  f requency
over the ha s e b an d  ha n i w i r i t h  an i i n p u t  p ower  up to at least  1 .)O mW
The conver sion loss data  t~~i the desir od side band are re1ati~’e to the
i nput  power at  th~ i n — p h a s e  power d i v i d e r .  Carr ier , un des i r ed  s ide

ba n.i , an 3rd ~~~~~~~~ side ban I s uppres s  ion lev e l s  are r e l a t i v e  to the

desired sideban d  o u t p u t  l eve l .  All other spurious ou tpu t s  are at  leas t

1 0 d B be lo~ ’ the  3rd order s ideband  -

The dc o f f s e t  ve l t auc  to each diode  was app r ox imate ly

0 . SSV and the ic modu la t ion  a m p h  t i .m ~e ~ n the diodes  was a beut  ~1 . 2 ~: -

This  i m p l i e s  , from F i gu r e  3 - I . 3 , a m i n i m u m  th eor et ic a l  conversion loss
of 7 riB and 3rd order s i d e b a n d  suppress ion af 1 3 ri B , which  is in

reasonable aor oement  wi th  the dat a  -

L -42 -  
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The conversion loss increases fairly smoothly fro m 8 to
12 dB from 1

L to f
11

. Assumin g  a 7 dB theoretical conversion loss , the
circuit  inser t ion loss runs fro m appr oximately  1 to 5 dB . If we est imate
the insertion loss to be expected on the basis of the data on the ind~v1d u al
components , making  al lowance for the connecto r losses , we would
expect It to run from about 1.8 to 3.8 dB. This es t imate  Is admi t ted ly
very crude , bu t  it does indica te  tha t  the complete transla tor Is con-
siderably lossier at the high end than the ind iv i dua l  components would
sugge s t .  \\ e were un able  to d e t e r m i n e  the source of this excess loss
on this  p:’o.~r i  , b u t  there  . i ppcar s  to be room for a t  least  a I dB
imp rov emeut in  the h igh end conve rs ion  loss , hr i nqin c , it reason ably close
to the 10 dB uoa l .
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4 .  LIN EAR A M P l I T U D E  MO DUL- \ T OR

4 ,  1 I ’i t ” s iq n~~ ons ld er atj on s

As me ntioned in the Intro duction , the VSWR and bandwidth

requ i red  led to the m a t c h e d  a t t enua to r  con~~gurat 1on of Figure 1 - 3 . 1 ,

e mp l o y i n ~ the  same broadband 3— dB hybrids used in the frequency

tra ns l ator .

In th e  matched a t t enua to r  circuit , ref lect ions  fro m the

two io ic a r m s , a s s u m e d  to be equal  in ampl i tude  and 90 0 out  of phase ,

w i l l  c o m b in c  in  ph ase  in the  t e rmin at e d  port on the inpu t  end . Transmi t t ed
0

pe~vei , a l s o  equa l in  amp l i t ude  and ~0 out  ot phase , will combine in

pha se  in the o u t p u t  per t  - The t e r m i n a t e d  port a t  the ou t pu t  is isolated .

The i np u t  m . t ch  is ~ie~- ern od  p r im ar i l y  by the  connec tor  and coupler

m atch e s  , an d by the c e u p l i n u  b a l a n c e .  C e u p h o r  d i rec t  i v i t y  Is not

c r i t i c a l  here as i t  is in  the  t r a n s l a t e :

A l t h o u gh  series —mounte d  J ied~. -s ar c aiw avs more c o n v e n i e n t

in m i c r o s t r i - c  . the  i n s c :t i o n  loss is h i gh er  an d the i so la t ion  per diode

tends to be I c xc t h a n  . a n  hL a t t a i n e d  w ith  s h u n t — m o u n t e d  died e~ -

There fo re , the  hat te r .ire d i c t a t e d  te r  t h i s  ap n l i c a t i o n .  For s h u n t — m o u n t e d

diodes  , the  a t t e n u a t i o n  f l a t n e s s  is aev c :n  ed by the nu uhor  o t q u a r t e r —

w av e l e n g t h  spaced d io des  u s e a — — t h e  more  d io des , t h e  less f l a t  t he

a t t e n u a t i o n  ve r sus  t r e q u c ’ n L \  - The n u mb e r  ot ~I iodes is t ixed by th~
m a x i m u m  i s o l a t i o n  a t t a i n a b l e  t :o : :~ cad - - u L O c t ’ , w h i c h  in  t u rn  is aovern ed

by the  m i n i  m u m  di ode  r e s i s t a n c e  - Jr. th e  n iod u la  tor i t  ~va s poss ib l e  to act

the 45 ri B LI vna mi c a n~i e ~vi ft j u s t  two d iode s  in  each arm , ho we ’~ e r to

do so re quire d d r iv i n ~ the diodes so t a r  i n to  sa t u r a t i o n  that  l i ne ar i  :-ati on

would become a d u t f i c u l t  p ro b l em . C o n s e q u e n t l y ,  t h r e e — d i o d e  arms

were  necessary . Howeve r , the  i n s er t i o n  loss p e n a l t y  wa s  n e a l i - i i b l c

being less t h a n  0 . 1  dB .
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I t  would have  been pos sible to use the same broadband ,
d i s t r i b u t e d  b ias  lead In t h e m o d u l a t o r  as was used in the t r a n s l a t o r .
However , since Its  m at c h  in th i s  ~pp l i ca t i o n is not so critical , it wa s
poss ible to use i~uu p ed  e l emen t  ch oke L O i 1 ~ and bypas s  capaci tors .
This allowed us to keep th e to ta l  l ine  length  sholt and the d iode—arm
channels very narrow .

The major  pr oblem ar ea  on the  modula tor  is the t r adee :~
between p ower  hand l in a  and S w l t c h l n L :  speed . Fast  sw i t c h i n g  requ ire s
a thi n I — l a y e r  PIN diode which  is suscep t ib le  to rec t i f ica t ion  at low
at te nua t ion  l eve l s .  This  resul t s  in the at t enua t i on  \‘a r ing with Inpu t
power levol . To avoid th is  th ic k  I — 1av ~-’r diode s mus t  be used , wh ich
switch more s low ly - ~v1 th a g i v e n  dr i ~‘er . In the low band devel opment
we concluded  t h a t  a 2— :u i l  1—rec i on  Li ode was  the  min i  mum accep table
wi th r e sp ec t  to p ower  h a n d h i n ~ - A c c or d i  n~~lv - a dr ive r  was developed
to swi ’ :h the  2 — m u  d iodes  f rom the  low loss s t a t e  to a ny  h i ah e r  a t t e n u a t i o n
in  under  ~Ll n s , in c l ud ina  d e l ay . Sinc e the  m a x i m u m  i n p u t  pen-or level  or
the hi gh band u n i t  is less ~h a r  ‘en the  low , i t  would be p o s s i b l e  to use
a t h i n n e r  d i edo .  H o w ev e r , s in ce  the  2 —m u a io~~e—a ri~-er comb i na t ion
had b een deve loped  to~u e t h e r  to work s at i s  f a c t o r i l v , we e lected to k ee n
th i s  comb ina t i on  in t he h i gh  b an d  m e L i u l a t e r  -

— 47 —
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-1 . 2 Layout dn d C o nst r u c t i o n

Figure  -1 . 2 .1 is a photogra ph of the complete l inear  modu lator ,
includin g d r ive r . The RI” sectio n ‘is mounted directly on top of the driver
to keep the d r ive r  ou tpu t  leads as short  as possible.  - :1

The 3—riB hyb r i d s  are on . 0 15 ”  alumIna , and the diod e arms
are on . 007 ”  Duroid . The 10 pF MOS dc blockin g capacitors are mounted
on each end of the Duroi d boards such tha t  the top of the ca pacitor Is
almost  even wi th  the top of the a lumina  board . Then the  bondin g  stra p

runs essent ia l ly  s t r a igh t  across to the a l u m i n a  hoard , with m I n i m u m

Inductance  and serving also as th e int er -bo ard connecti  n -

The dr iver  lead f e e d s  up th rough  to cen ter  ot  t he  RI h o u s i n ~:

via a g lass  —met a l  feedthr o ugh and is wi re—b ond ed  to a l u m i  n i  c h i

pass capaci tors  to each side - Smal l  , severa l — t u r n  d i S k  I’ coils  , not

q u i t e  discern a ble in the photo , ir e  connected  from th e  L i  p I L ’i tors t O  t I I  ‘
1

l ines  -

4 . 3 P e r f o r m an c e  I ) ,It I

The a t t e n u a t i o n  ve rsus  f r e q u e n c y  and VS\\’R ~i r  t a  o sever  i l
bias levels are g i v e n  in F i gu r e s  -1 - 3 - 1 un - 3 , 2; t he  a t t e n u a t i o n  ve r sus

command voltage in l’iqure 4 . 3 . 2 -

A t  zero bias , t he  in s e r t i o n  loss r u n s  Iron : I - f~ to -I - .
‘ Jl~ -

1L to , or 3 .0  1 . 2  dB .  T h i s  is not q u i t e  as f l a t  as the  1 1 - 5 i ! e J

* 1 .0  r i B ,  and the  h igh  end loss exveeds  t in  d e s i r e d  3 . ~ dB n i x i m u n i

cons ide r ab ly .  At tl i  c 1( 1 d B level , 0 - S mA ~I j O t- c u r r en t  , t he  vu ri L i El  on

is down to 0 .  ~) ri B , w i t h i n  t h e  + 1 . 1) or 10 percent  sped t i c i t  ion . l ’ rom

the 20 to 50 ri B I t - v t - I s  the  f l a t n e s s  is  w i t h i n  7 percent .

- -l -
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The 45 dB dynamic range is achieved at the 10.1 mA
drive level except at the very top of the band , where It dips to about

40 dB. The VSWR is also well behaved , under 1.5 , ex cept I n the sa me

high f req uenc y region , whe re It has a sharp spike which depend s on the
a tten uation level .  We suspect tha t  these anomalies are due to low-Q
re sonances between two or more discontinulties , rather than radiat ion
or higher order modes. However , this  is conjecture and the problem
bears fur ther  inves t ig at ion .

I
Figures 4 . 3 . 3  and 4 . 3 . 4  i l lus t ra te  the a t t enua t ion  l i nea r i t y .

The first  shows the a t t enua t ion  above insertion loss versus command
voltage at  the center and band edge frequencies . The second gives the
dif fe rence between the ac tua l  a t t enua t ion  and a Linear ramp at the center
f requency. The peak deviat ion fro m l inear is 1.8 dB, which is greater
than the ÷ 1.0 dB desired , but  about  the same as achieved on the low
ba nd uni t , up to the same at t enu at i on  level .

The switching t r ans ien t  between min imum and m a x i m u m

lo ss states is shown in Fi gure 4 .3 . 5. The leading edge , tu rn -o f f ,

switching time is 60 ns to the 90 percent point , including driver delay
a nd approxi mately 100 ns to 100 percent a t t e n u a t i o n .  The t r a i l i ng  edge
returns to the 3 dB level in 60 ns .
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5. CONCLUSIONS AND RECOMMENDATIONS

On the frequency translator , all of the basic performa nce sped-

ficatlons were met and the more optImistic 10 dB conversion loss goal was

met for the lower 80 percent of the band . Toward the high end of the

band there Is some spurious or excess loss which we were unable to

Identify and correct , and which contributes about 1 dB to the conversion

loss.

We f ound It essential  to make the 3— dB hybrids on . 0 l 5  alumina in

order to obtain coupling and d i rec t iv i ty  character is t ics  In accord with

design expectations . Apparently thicker ( . 0 2 0 ” )  subs t ra tes  su f f e r  from

higher order modes or radiation problems.  We also concluded early in the

d evelopment that the d i r e ct i v i t y  requir -ments  could not be readily met

with a stripline hybrid .

The micros t r i p  power d iv ide r  on .0 2 0 ”  a lumina  worked excel lent ly

and it  was not necessary to go to .015” ma te r i a l .  \Ve suspect tha t  the

reason for th is  Is that  the power divider topolog y is such that hi-iher

order modes are not readily excited , whereas the coupler , which must

generate the coupled—line even and odd mode field confiour a tions , tend s

also to generate other spurious modes.

We conclud ed that  etching the power d iv ider  resistors r i ght  en the

microstrip substrate  Is a very desirable techniqu e from the cost and

assembly point ci view , ev en thouqh we did not observ e any  s i g n i f i c a n t

performance improvement over th e  ch i p  r e s i s t or  model .

The perf ormance of f i r s t  t r i a l  s t r i p l i n e  power div iders was t o t a l l y

unacceptable , and we abandoned tha t  approach i m m e d i a t e l y .
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We would recommend that  fur ther  development of the high ba nd

translator be addressed to two areas which should improve the high

frequency conversion loss by 1.5 to 2 dB. First , the high frequency

loss mechanism should be identified and elimina ted . Second , the output

of the baseband modulator could be wa veshaped such as to make the

d iode reflection coeffIcient  versus drive ampli tude be more nearly sinusoidal

in time over a wider range.  A single breakpoint linearizer-type circuit

would probably work qui te  well .

The performance of the linear modulator was generally excellent

over the lower 60—80~.~ of the band . It ralls slightly short of the design 
• - •

goals in insertion loss , f la t ness ,  a nd dynamic range at the upper end ,

primarily due to the excess loss mentioned in the frequency tran slator

di scussion , and also possibly due to spurious resonance e f fec t s .

We expect tha t  the source of the high frequency losses of both

the translator  and modulator are the same and tha t  solving the problem for

one solves it for both .

The l ineari ty deviation is greater than desired . We recommend that

the driver be redesigned to include two breakpoints , to imp ro ve the

linearity.

Since the maximum input  power level for the h igh band modulator

is much lower than that  of the low band uni t , we recommend that thinner

I-layer diodes be tried to increase the switching speed . This may

require some adj u s tmen t s  in the dr iver  c i rcui t s .  Therefore the work

should be done in conjunct ion with  the addit ion ci another  breakpoint .
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