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A NEW UNIVERSAI IMPEDANCE BRIDGE
WITH SIMPIIFIED, SEMI-AUTOMATIC TUNING

By using feedbock to odiust one bridge
element qutomqticolly, o bridge requiring

only one boloncing conirol is ochieved.

Universal briclges have consider-

able versati l i ty, being able to mea-

su l 'e  no t  on ly  res is lance.  capat  i tance,

and inductance over wide ranges,

but also the Q of inductances and the

dissipation factor ( l /Q) of capacitors.

This versatility, however, has led to

,)\ds,

cornpl icated c()ntrol panels, often-
t irnes making i t  not so simple for the
casual user to make bridge meas-
urements without recourse to study
of the instruct ion manual.

A new universal bridge has been

designed to remove the confusing
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Fig. 1. Nez Uniuersal Bridge has digital read-out, automatic

decimal placement, non-ambiguous range indication, and other

features that simplify mzasurement of resistance, capacitance,

inductance, Q, and loss factor. Bridge design eliminates pro-

longed balancing procedures forrnerly caused by sliding null

in measurements of lossy reactiue components. Control circuitry

automatically brings DQ resistor ta correct ualue as CRL dial

is adjusted for a null.

Fig.2. Typical impedance bridge config-
uration, this one for measuring unknown
capacitor C"-R" in which capacitor loss

factor is consid.ered as resistance R,. in
parallel with pure capacitance C,. Besides
adjustment of Rr^,., RDq must be ad-
justed to match time constant of C7-Rpe
to time constant of C 

"-R ". 
if balance is to be

achieved. Rps and. Rgp, ate interatting as

far as indication on detector is concerned.

elements that have been associated

with bridge operation. For example,
the readout is direct. Measurement
results are displayed by an in-l ine
digital readout and the decimal point
is placed automatically by the RANGE
switch. 

'I 'he unit of measurement, as
selected by the FUNCTION and
RAN( ;E  sw i t ches ,  i s  shown  i n  a  w in -
dow. There is no need fbr applying
multiplication factors to the read-
ings and, as shown by the panel ar-
rangemenr in the photo of Fig. I,
there is no ambiguity in making read-
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To Detector (dc)

s00a

DQ
16 . 16k{l

L " :  C 7  R '  R 6

Q, :  oC7 R7

CRL
5() - 5AO

INDUCTANCE BRIDGE (Is, Zoa 0)
(Series loss)

ings oI resistance, capacitance, or
inductance.

As a further step toward removing
conf'usion factors, the only terminals
on the f iont panel of the new instru-
ment are those for the unknown com-
ponent. Al l  other terminals, those
for bias insertion and for external
detectors and generators, are on the
rear panel.

MEASUREMENT RANGES

The new bridS;e (-hp- Model42604')

includes f ive bridge circuits (Fig. 3),
selected by the FUNCTION switch,
and necessary generators and detec-
tors. An internal dc supply is used for
measurements of resistance and an
internal l-kHz osci l lator drives the
br idee f< r r  measurements  on  (apac i -

tors and inductors. The bridge is
packaged in a compact cabinet,
suitable for bench use or for rack-
m o u n t i n s  w i t h  o t h e r  - h p -  i n s t r u m e n t s
in standald -hp- rack adapters, and
it operates from ac line power.

CRL
5() - 5/'O

, " : r , *
D , :  a C r R c
CAPACITANCE BRIDCE (Cs, Low D)

(Series loss)

Fig.3. Bridge circuits selected by FUNC-
TION switch in new Uniuersal Bridge. In
auto mode measurement of low Q or high
D components, DQ resistor (R,.) is replaced

by seruo-controlled uariable resistance.

The bridge measures resistance
values fiom l0 mill iohms to l0 mee-
ohms, inductances f rom I micro-
henr-y to 1000 henry, and capaci-
tance from I pF to 1000 trcF. It has
seven ranges each for C', rR, and I
measureme nts. It achieves an ac-
curacy of -rl7o throughout the major
portion of its range and at least 27o
accuracy for the full ranse. Q is mea-
sured in two ranges, with series L
and R from 0.02 to 20 and with par-
allel I and .R from 8 to 1000. Dissi-
pation factor D is measured in two
ranses, from .001 t<l .12 for series C
and 1l and from .05 to 50 with par-
allel C ancl R. The accuracy of D and

Q measurements is -rl-r7o.

The driving oscil lator within the
bridge operates at I kHz. Other fre-
quencies within a ranse of 20 Hz to
20 kHz may be used to drive the
bridge, rear panel terminals enabling
external oscillators and detectors to
be used.

5() . sko

(Parallel loss)

0 . 8 '  ] t

L " :  C ,  R u  R g

Q " :  l l a C r R c

INDUCTANCE BRIDGE ( Lp, High Q)
(Parallel loss)

DIRECTIONAL INDICATORS

The new bridge was also desisned
to sirnpl i fy operatine procedures.
During measurelnents of capacitance
or inductance, i l luminated arrows
(on either side o{ '  rhe'CRL' legend)
show in which direct ion the controls
should be turned to achieve balance.
These indicators enable the proper
range to be selected quickly and el im-
inate the "back-trackins" that is so
often necessary when the init ial  set-
ting is far off null and the meter is
relat ively insensit ive to a change in
the CRL control. The null point is
indicated when the arrows switch
direct ions.

ELIMINATION OF SLIDING NULLS
One of the ma.jor contributions

towards simpler operation in the new
bridge is the technique for el imi-
nating 'sl iding nul ls. '  In ac bridge
measu l 'emen ls  o f  reac t ive  compo-
nents, not only must the ac signal
ampli tude at the known and unknown
bridge corners be equal, but the

Unknown

To Detector (ac)

Unknown

RANGE
10 - tMa

To Detector (ac)

Unknown

DQ
. 16kQt6a

RESISTANCE BRIDCE /R)

RANCE
rQ.  tM{ t
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Fig. 4.Photo shows operating features uhich contribute to easier

bridge operation. Readout is digital and decimal point is placed

automotically by RANGE suitch. Window aboue RANGE switch

shows unit of measurement for selected range antl functions; cir-
cuit diagram shows whether lossy component of reactance is mea-

sured as resistance in parallel uith or in series with reactance.

In'Auto' mode measurements of capacitance and inductance,
illuminated arrons aboue CRL control indicate direction that

RANGE and CRL controls should be turned to achieue null.

i s  t l rus  l rn r r rgh t  to  conrp lc tc  l ra lance

u i th  on l r '  1u ' ( )  a ( l jus t ln t :n ts .
' I 'hc 

rr:rnu:r l ly-corrtxr l lecl Dp cl ial

has a cvl irrclr ic:r l  r-e:rt lorr l  u, i th l i r tu'

sc: l les. To leclrrc:c thc l ikcl i l rot)d t lrat

the u'r 'ong scalc nray bc rcarl ,  a recl

al ' l 'o\\ '  lx) ints t() t l le scale selectecl by

the  F  L IN( l ' l ' l ( )N  su , i t c l r  a r rc l  the  va l r re

ol 1) or- Q is lcacl cl i lcct l l  l l 'onr thc

sca le  in r l i ca te r l .  A  n lech :u l i ca l  c ( )u -

l ) l i l l l l  be tw 'een the  R; \N( ;E  :u rd
I r l - lN( l ' I ' l ( )N  s \ \ ' i t ( ' hcs ,  bcs ic les  d is -

p la l i r rg  the  se lec ter l  u l l i t  ( ) f  n rez lsL l r -e -

rnent in a u' inclorv ab()\ 'e the I{ ' \N(; l l

s$' i tch, also shorvs a t: i r-<'rr i t  cl iaglanr
rvh ich  inc l i ca tes  urhe thc l  the  r rnknorvn

col]] l )oncl)t  l ()ss is being meastrrc<l

as a series resistance or- a l taral lcl
resistanr:e (Fig. a). 

- I-his 
arlanserre r)t

sinrpl i l rcs interpretat ion o{ '  ute:rsut-e-

ment  resu l ts .

THEORY OF OPERATION
'l-he 

chalactel ist i t 's ol ar: arrcl clc

briclges 2u'e thol '()ughlv r l iscussecl in

l l la l r l  tes tbo( )ks  and ( ) the l '  r 'e fc r ' -

ence nutcl ial  arrr l  l lee(l  not bc cl is-

cussecl here. Autonratic ( ' ()ntf() l  (){

t l re ' /)Q' rcsistor ' ,  horrevet ' ,  has not

becrr st:rrrclal ' ( l  plact icc ancl clcscnes

exp lanat ion .
l )u r ing  nrc i l s r l rcnrcn ts  o l  ( , 'o r  1 .

i n  t h c  ' ' \ u t o ' n r o c l e ,  t h e  r . ' : r r i a b l c

8&N6€

@ws

s ig r ra ls  n r r rs t  a lso  be  in  ph : rse  i I ' a  nu l l
is t() be achicvccl.  In a t11-r ical rrnir,er '-
sal bt- iclge, such as that shon'n in thc

c l iagranr  o { '  F ig .  2 ,  t lo  cont ro ls  ( /11a1-

ancl / l /ra) nrust be ()Perated to bl ' ing

thc bl iclse into balance. These con-
trols arc intelact intt ,  l )art icrt lar ly
n'herr lossl re:rct ive c()ml)()nents are
lreing rtreasurerl ,  anrl  nrust be arl-
justcd altcr-natclr scvelal t imes, ear: lr

t i r lc to bl ing thc dctccfor to\\rarcls

a ncw rninirnurrr,  bcfor-c a cornplctc
nrr l l  is ar:hicr, 'ccl.  This rnult istcl) l )r 'o-
c e d u r e ,  k n o r v u  a s  a ' s l i r l i n s  n u l l , '

o l te r r  lec l t r i res  rna l r )  ad ius t r ) re r ) ts

be fo le  a  t rue  nu l l  i s  ob ta inec l .
The neu' briclge sirnl-r l i f ies the nul l-

ine prrrceclule by using a feeclbar:k

contl 'ol  systen) to rnake Orre o{ '  the
briclqe acl j trstrrtents autor-natical l l .
To f incl t l te r,altre ol '  :rn unknor'r 'n
capacitance OI inclur:tance with this
b l i c lee  in  the  'Au to '  mor le ,  i t  i s  on ly
necessar) to acl jr-rst one contlol ( /1147.)

f irr  balancc, since the othel variable
( l tpe)  i s  au tonra t ica l l l  l r ro t ru l r t  to  the
c{)r ' l 'e( ' t  valrre. (, '  () l-  1- (. :ul then be
le ad cl irect l l  i r f ' tel  balancins the
brir lge with the one arl justnrent (){ '

the ( lR1- <:ontrol.
Should i t  be clesircr l  to also f ind

thc valtre o{- t l issipation f:rctor (I))

fbl c:rpat: i tols ol qrral in f :rctor (Q)

l i r r -  inc l r rc to rs ,  a  n ranua l l \ ' - co l l t l -o l led

lx)tenti() l l reter c: ln bc su' i tr :hed in

pl:rce of '  the autorrrat ic:al l1'-contlol lccl
rcs is ta r rcc  a f ie r  the  i r r i t ia l  ba lan t  e  rv i t l r
the ( l l l1- r:ontrol has l teen lei, lchecl.
' I 'hc 

DQ control then is acl jr ,r , icr l  l i rr-
a seconcl nul l  indication. TIre br- iclge

Ftg.5. Automatic control of DQ resistor is effected by phase de-
tector uhich responds to phase relationship between bridge output
and reference phase. Phase detector controls ac impedance ofdiodes,

uhiclt serue as DQ resistor, by control of diode current.

. 4 o
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rcsistal lce c()ntr() l le ( l  l ry the DQ
cli :r l  is t-eplacecl b1' a pair of '  serics-
( '()nncctecl cl iocles, :rs shorvn in the
sirrrpl i f iet l  <l iasrarl  of Fiq. r5. The a<'
lesist:rnt:e ol thc cl iocles c:an l te variecl
f l 'orn 16 ohnrs to a f 'crv rnegohrrrs b1
charrge of '  the r l t :  c 'urrent lhxrrr{rh
thc cl iocles.

I) iocle <:trrrerrt  f i r l  contlol of the
rl iocle resistarrcc is clel ivecl I .nrrrr thc
()ut l)ut o{ '  t l ' re phasc clctcctor ' ,  l r ,hi t ' l r
l cspor rds  t r i  thc  b l i c lqe  r r r rba l ; rncc
r'oltasc. As clescriberl  rnole f ir l l r  i rr
t l re  a l t i r : le  bcg inn ing  on  pagc  ( i ,

th is  a l ra r r t le l l )en t  l i ) l ' n ls  un  c lc t ' l l on i r '
set-r 'o that acl jrrsts t lre r l iocle resist:rrrcc
to  rna in ta in  the  br i r lS lc  ( )u t l )u t  vo l t : rgc
in clrracl laturc n' i th the ref 'clcrrce
phase. Arl justment of '  the (. '111. corr-
t lol  r :an then br- irrg thc briclge r l i lcr: t l1 '
to balance n' i th t lre r l iocle lesistarrcc
irrrtorrr:rt i t  al l l '  t lackirre thc Clt l .
con t lo l .

()rrce that l t :r larrce has beerr
achievcrl  in the ' ,{rrto'  rnocle. thc

ol)erat()r switches the br- iclee out of
the  'Au to '  m( )de ,  nh ich  p laces  the
rn : rnu : r l l y  co l l t ro l led 'DQ'  po ten t io -
meter ' ( / l / )a )  back  in to  the  c i l cu i t .  Ad-

. justnrent of '  the DQ c()ntr 'ol  fbr a nul l

thcn  de te l rn ines  the  va lue  o{ 'D  r t r  Q.' l -hc 
cl irect ion incl icatols zu-e con-

t lol lecl b1 a secorrt l  plrase dctector.
I t  i s  chara t ' te l i s t i c  o { 'ac  b r i t lqes  tha t
t lre br. iclee outl)ut u'avclbrnr i trr , 'et. ts
as thc bl iclge outl)ut 1;asses throrreh

a nr r l l  r lu l . i r re  a ( l jus t l ) )en t  o f  R6n1. .
-fhe 

phase ( lete(:t() l '  herrce t: :rn clctcct
on  lh ich  s idc  o f ' l ta lance the  br idse
ad ius t r l len t  l i cs .  

' l ' hc  
seconc l  l thase

detect()r '  <'ontr-ols a binar-y circuit
l 'hich in tul-n c()nt l-() ls thc cl i lcct ional
incl icatol lanrps. l , . i ther- ()11c ol '  the
o the l '  ( )1 '  the  I r r r r rps  n ' i l l  l te  i l l umi -
na te(1 ,  dcpcr rd inu  upon rvh ich  s ic le
o l  l l l r l l r t r r e  t l r t ' l l l i < l g < .  i s  o r r .
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A SYSTEM FOR AUTOMATIC CONTROL OF THE NDQ' RESISTOR
IN AN IMPEDANCE BRIDGE

The systen-r fbr automatic control
of the 'DQ' resistor in the nerv -hp-

Model 42604 Universal Bridge has

been described brie{ly in the accorn-

panying art icle. l-or the sake of clari ty,

the simpli f ied descriprt ion siven there

omittecl certain detai ls in the theory

of operation, detai ls which rnake the

autolnatic svstenl lvorkable over ir

wide rneasurerrent. range. This
art icle prese nts a more clnrplete

descriJrt ion.

Since balancins an ac bridge re-

quires adjustrnent of both phase and

arnpl i tude, the technique f irr  obtain-

ins :rutomatic adjustment of Rpa is

nrost casi ly described rvith vector '

diasranrs. 
-fhe 

vector relat ionships

l irr  i r  part icular set of '  component

values in a typical bridge are sholvn

:iijl. 
ot"*."rns of Fig. l. The vector-s

Vector OQ, the briclge drivins volt-
age, which serves : ls the reference

ve(:tor; _
Vector 0S, the volt:rqe zrcross the
unknown component C,-R 

".;
Vector-SQ, the voltase a(:ross
R A N ( i L ,  r e s i s l o r  R , :

Vcctclr PQ, the voltage across R1.',p7_;

Vectrrr OP, the voltage across (,'7

;rnd 1l2p in paral lel.

The vector voltagc between points
/ '  and S in Fig. I  represents the
bridge output volt :rge. Point .S es-
sential ly is f ixed by the value of the
unknown ar-rcl by the sett ins of the
RAN(;F- sn' i tch. l)oint I '  is variable
and is l .rosit ioned b1' the R1717. and
rR24 controls. Balancins the bridge
is :r pnrcess of 'br in{r ins point P int<r
coirrciden<:c rvith point . t ,  effect ively
leducinq vector P5' to zero.

' I ' l -rcory 
shows t lrat wlren 11,.117. is

arl jr-rsted lvhi le l lpp is held const: lnt,
the krctrs of l toint P is an arc o1'a r: ir-
cle whir;h l)asses throtrsh points 0 ancl

Fig. I. Typical ac bridge and corresponding uector relationships.
Vector 6Q is bridge driuing uoltage. Vector OS is fixed. by ualue
of unknown component and setting of RANGE suitch. Vcctor OP
is determined by Rro,. and Rpq controls and Cr. Baloncing bridge
moues uector OP into coincidence with uector OS, reducing bridge

output uoltage PS to zero.

7n;,:,,,,rn
f t 'B r i , lg , -  , ,u rpu t

Q, as shown in l ig. 2. 
' I 'he 

center of
the circle is on a vert ical l ine r,vhich
bisects OQ and the posit ion of '  the
center and t l ' re radial dirnension de-
pencl on tl're ratio of X6.r,/r?262 (see

appendix).
When 1l2e is adjustecl,  whi le .R1a1.

is held constant, the locus of 'point 1'
lbllorvs a cli{I'erent circular arc, also
shown in t ' ig. 2. 

' fhis 
circle passes

thtrugh point O and i ts center l ies on

the vert ical throush pcl int.O. The po-

sit ion of '  the center and the ra-

dial cl irncnsion clcpcnd on thc rat io

Xr'rl R,'o,,'

Adjrrstment to nul l ,  changing Ri 'a1.
ancl RTra alternately, then brings point

1' to point 5'  alone :r curved ztg-zag,

path such as t l)at sh()rvn in t ' ig. 3.

AUTOMATIC BALANCE
'I-o 

achieve automatic r:or-rtrol of
l l , rrr,  i t  is necessarv to separate the
effect of briilge unbalanr:e c:rused by
R1.;p fi'onr that c:rused by /t1,a7. 

-fci

see how this can be done. consider
the cfI 'ect of 'a srnal l  r :h:rnge in R,,a.
As slr<x,r'n in l,'ig. 2, :r change in Prpq
rnoves point P alonu the arc of a cir-
cle. For a very srnal l  change, the locus

L,enter moves {s

I  R , .  e h a n s e ,
- + .

- - - - f - ' - . -

Locus of P as

R 1 6 7  c h a n g e s  w i t h

Rxa l ixed.

l-ocus of P as

Raq changes

with / i , ,u f ixed

Fig. 2. Loci of head of uector OP as R,,,, and R,.n1. ore adjusted in-
dependently. Each adjustment moues P along arc of circle. Para-
meters for each circle are changed as opposite control setting is

changed.
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Center of ft6xy_ cirole

alier stcp 2.

Center of R1,a1, circ le for
ini t ia l  value of R2a

Center of

R24 r: i rc le

after step l

Center of

lipq circle

al ter step 3

of point P n.ray be considered as a
straisht l ine tansent to the l lpa cit 'c le .
A detector r,vhich senses unbalance
caused by Ron hence should be sensi-
t ive to the phase of the tanqent t()
the Raa circle at point P. I t  thus be-
c() lTles an instntmentation oroblern
l ( )  c l e t e r n l i r r c  r h e  1 > h ; r s t . , , I  t l r e  t ; r n g e n t .

l  h e  t t e o m e l r i (  a l  ( o n s t r r r c t i ( ) n  i n
Fie. , l  explains how the phase anele
of the tangent may be detelrnined
with respect to the reference vector
OQ. ln t ' ig. 4, the tangent at point P
is extended to the l ine OQ lvhere i t
intersects OQ at point D. l i rom inspec-
t ion, anele DPt- :  angle DOI':  90'
(t '  is the center of '  the ^Rpp circle).

OP is a chord of the RTra circle; I  O
and ^FP are radi i  and are thus eqr-ral
in length. Hence, the tr iangle OPF
is isosceles.

Thus, LPOF : L0PF-,
and since LDOF -- LDPF: 90",

therefbre, LDOP: LDPO

We def ine  LD)P:0 .  Hence,  f rom
the above, the tangent I)P rnakes an
arrsle d (LDP9) rvith respect to OP.
S ince  LODP -  180 ' -20 , the  tansenr
1)1r thtrs makes an ansle 20 (LQDP)

wit lr  respect to OQ.
Thus i t  is that the brid{re output

result ins f ' rom a snral l  rnisadjust-

l " ' m i n i m u m Init ia l  posi t ion of P

Stcp l :  81a7 adjusted f i r r  a minimum

p 3: 81x1 adjusted seond t ime

p 2: Rpq adjusted lbr a minimum

Fig. 3. Path followed by point P during bridge nulling
by alternate adjustment of R1x1. and Rpe. Each ad-
justment achieues minimurn bridge output by mouing
P to line between point S and center of circle that
describes locus ofP during that adjustment,as shown

for first four adjustments.

ment of Rpa has a phase angle 20
with respect to the bridge drivine
voltage 1O9. Therefbre, to isolate

the efI'ects of' unbalance caused by
n.risadjustrnent of 11p61, the ref'erence
fbr the phase-sensit ive detector '
should have a phase equiv:r lent to

tzuice the lhuse angle of uector OP utith
respect to OQ.

The reference phase hence is vari-
able. As R647_ and Rp4 are adjusted

Fig.4. Determination of phase reference for sensing
change in output uoltage caused by change in Rnn.
Small change in Rru moues P along path approxi-
mating tangent to circular locus of P. Tangent inter-
sects reference uector OQ at an angle 20 that is twice

angle 0 made by uector OP with respect to O@.

throughout their complete ranse,
the ful l  range of 0 (phase angle of
vector OP) is frorn 16' to 80o 58',  as
determined by  the  res is tance range
of these two controls. The reference
phase 20 would thus vary from 32' to
l6 l '  56 ' .  Hence,  i t  wou ld  no t  be  ex-
pected that an automatic control
system fbr R2p usinq a f ixed phase
reference would be stable throueh-
out the ful l  range of the instrument.

Project leader Katsumi Yoshimoto discusses design ofproduction model
instrument with Gregory Justice (center) and Edward Heinsen (right)
who deueloped initial concept of semiautomatic bridge at .hp. Aduanced

R and D Laboratories in Palo Alto.

Locus of P as ltDo varies with R"*, fixed
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Flg. 5. Deriuation of reference gating waue-

form phase-shifted 20 with respect to bridge
driuing waueform OQ.

Fig. 6. Automatic control system moues

tip of uector OP to point P, where bridge

output uoltage PrS is minimum for that
setling of R, n,

A variable phase referel lce Insures

s t a b i l i t )  w h i l e  a l s o  m : r x i r t l i z i t r s  s ( ' n -

sit ivi ty for the control systenl.

ELECTRICAL DERIVATION OF 2A

A phase ref 'erence equal to 20 is

derived electr ical ly in the nranner
i l lustrated in Fie. 5. Tl-re ref 'erence

voltase OQ (wavefbrm I in Fig. 5)

is ampli f iecl and cl ipped to a square

wave and it is r,rsecl to turn a dill'er-

ential ampli f ier lLr l l  on (C). 
- lhe 

volt-

alie wavefi)m taken across bridge

arm OP (wavefbnr-r R) is likewise con-

verted to ir square wave and it is r-rsed

at the other inprrt of the dif ferential

ampli f ier to t lrrn i t  ful l  off .  
- I 'he 

out-

put voltaee ol ' the dif l 'erential ampli-

f ier thus is a rectangular pulse (wave-

fbrm C-) that has a width cquivalent

to the phase angle 0 between 01' and

oQ.
The rectansular pulse is appl ied

t o  a n  i r r t e g r i r l o r .  T h c  i r r t e g l a t o r  o u t -

put is a tr iangtr lar pulse that slopes
up fbr the duration of ' the input pulse

and rvhich slopcs down agair-r fbr an

equal period of t i rne fol lorvins the

pulse (wavefblnr D). The width at

the base of ' the result inu tr iangle t lrus

corresponds to 20.

The tr iangrt lar wavefbrrr is ap-

pl ied to a cl ippinu ampli f ier that

saturates at an input volt .age close

to t l ' re basel ine. The result ins ot l tPut

p u l s c .  w h i c h  h a s  a  w i d t h  v e t ' \  n c a r l )

equal to 20, is dif l 'erentiated (/ i)  and

the spike at the trai l ing edge t l iggers

a monostable rnult ivibrator. The otrt-

put wavefornr ( lr)  of t l re nrult ivibra-

to r  thus  has  a  phase de lay  o f '20  w i th

resl)ect to the briclge clr iving volt-

age 0Q.
-fl-re 

rnultivibratot' has an 'C)tr'

p e r i o d  o l  l / 2  n r s .  a n d  s i n t e  i t  i s  t r i g -
g t ' r ' t ' d  a l  a  l - k H z  r : r l e .  i l s  ( ) u l l ) l r l  i s  a

square wave. The square wave con-

trols a gate throueh which the bridge

or,rtput voltap;e (C) is passed, and

which l i rnct ions as a phase detector.

J'hc srnoothed outpr.rt  of the gate is

used as the control signal fbr adjust-

ing Rpe.

R2a actual ly consists of semicon-

cluctor diodes connected in paral lel

u' i th (, '7. The ac ir lpedance of ' these

diodes can be changed frorn very low,

with firll fbrward bias appliecl, to very

high with ful l  reverse bias. The dc

control system adjusts the bias on the

diodes to bring Rpa to a valtre that

brings the average output of the gate

(pl 'rase detector) to zero, thus reduc-

ing to zero the c()mponent of the

bridge output voltase that is in phase

with 20. The renraininu comp<lnent

of the briclge output is a quadl-ature

voltage that results f iorr unbalance

caused by 11,r,,..

ORTHOGONALITY

Clonsidcr now what happens when

Rpp is trncler : t t t tonratic control and

R1,ay. is adjusted. The diasl-arn of

Fig. 6 i l lustrates the sit trat ion when

Ii .a7. is not yet brought to bridge bal-

2lnce. Asstrme that the ttnknown

c(xrlponent places the t ip of vector

OS at point S and that Ra67. and R24
init ial ly hacl values such that the t ip

of vector OP l ies at P;. The auto-

m:lt ic control system t lren rnoves the

, t S

u 
'  Voltage

r c r o s s  u r r k n o w n

Locus o{ P as 1i2q

changes with R6.p1 f ixed

r 8 o



t ip of vect()r OP to point P, whiclr
is col inear rvi th-FS ancl which thtrs
l r l i r r g s  v e ( l o r '  1 ' r , \  l o  : r  r t t i r r i r t t u r t t
v a l r r t ' .  A t  t  l r i s  p o i r r t .  \  e (  l ( ) r '  f  

" s  
; s

or thosona l  to  anq le  20 .  Thus ,  the
autornatic contr() l  slstem lunctions

to rn:r intain t l ' re briclqe rrnbalance
voltage orthogonal t t)  angle 20, whicl"r
is exac:t ly wl-rat happens in the marr-

ual rnoclc each t irne t lrat R2p is ad-

. jus ted  fc r r -a  n r in i rnum br - ic lge  ou t l )u t
incl icat ion.

DIRECTIONAL INDICATORS
'l ' l re '2d' square l 'ave is also usccl

to control the cl i lect ion:r l  incl icator
2n-l ' () \ \ ,s. In this case, the briclge out-

l)ut voltase is phase-shif ' tecl 9()" ,
b r ing inp ;  i t  e i ther  in  phase o l  l l l 0 '
out ol phase u,i th the 2d squal 'e w:lve

l w l r t ' n  R 1 , u  i s  r r r r d e l  a u l ( ) r r ) : r l i c  (  ( ) n -

trol).  The yrhase-shifted sisnal is then
appliecl to a sate contr-() l lecl by the
')0 sclrrare l 'ave, the outl)ut of '  this
gate having a posit ive .value when
the two wavefornrs are in phasc, or '
a ncsati \ ,e voltasc i f  thel '  ale l80o
out  o1 'phase.  Th is  i s  in  cont las t  w i th
the zero volts average gate ()utplrt

rerl tr i red for control of 'rRpp.

If ' / l ( .n1. is acl justerl  throtrgh a nul l ,
rvi th / ipe under :rutomatic control,

the briclge olltput goes to zero :rnd

Uniuersal Bridge design team at Yohagawa-Hewlett-Pachard Co. (an

international joint-uenture company). From left to right, Kazu Suzuhi,
Horuo ltoh, Hitoshi Noguchi, Katsumi Yoshimoto, Kimijiro Kihuchi,

Giichi Yohoyama, and Toshio Muraoka

S P E C I F I C A T I O N S
-hp-

M O D E L  4 2 6 0 A
U N I V E R S A L  B R I D G E

CAPACITANGE MEASUREMENT
CAPACITANCE

RANGE:  1  pF to  1000,pF,  in  7  ranges .

ACCURACY:
+( fy "  +  I  D ig i t ) ,  f rom 1  nF to  100 l ,F .
L ( 2 %  +  1  D i g i t ) ,  f r o m  1  p F  t o  I  n F  a n d

100 pF to  100O pF.
Res idua l  capac i tance =  2  pF,

DISSIPATION FACTOR
RANGE:

LOW D (ser ies  C) :  0 .001 to  0 .12 .
HIGH D (para l le l  C) :  0 .05  to  50 .

ACCURACY (C greater than 100 pF):
LOW D;  +(57o +  0 .002)  o r  one d ia l  d iv i "

s ion ,  wh ichever  i s  g rea ter .
HIGH D:  ! (5y"  +  0 .O5)  o r  one d ia l  d iv i -

s ion ,  wh ichever  i s  g rea ter .

INDUCTANCE MEASUREMENT
INDUCTANCE

RANGE: 1 rrH to 1000 H, in 7 ranges.

ACCURACY:
+( lY .  +  1  D ig i t ) ,  f rom 1  mH to  1O0 H.
7 : (2V.  +  I  D ig i t ) ,  f rom I  pH to  I  mH and

10O H to  1000 H.
Res idua l  induc tance < l  pH.

QUALITY FACTOR;
RANGEI

LOW Q (series L): 0.o2 to 20.
H lcH Q (para l le l  L ) ;  8  to  1000.

ACCURACY (L  grea ter  than 100 pH) :
LOW Q;  

- r (5% 
+ 0 .05)  o r  one d ia l  d iv i -

s ion ,  wh ichever  i s  g rea ter ,
HIGH Q:  

- r (5% 
+ 0 .002)  o r  one d ia l  d iv i -

s ion ,  wh ichever  i s  g rea ter .

ELECTRONIC AUTO NULL
Accuracy  o f  CL measurements  made in  3  and
4 f igures  (when D <  1 ,  Q >  1)  equa ls  non"
automat ic  measurements  w i th in  10 .5%.

RESISTANCE MEASUREMENT
RANGE:  10  mi l l iohms to  10  megohms,  in  7

ranges.

ACCURACY:
+ ( 7 ' / " +  l  D i s i t ) , f r o m

onm.
l : ( 2 % + l D i s i t ) , f r o m

megohms.

10 ohms to  1  meg '

10  mi l l iohms to  1O

Res idua l  res is tance :  3  mi l l iohms.
Res is tance measurements  a t  dc  on ly .

then assurnes the opposite polari t l
on the othe r side oI 'nul l .  (This woulcl

be the case i f '  point S n'ere on thc
othel sicle of ' the / lrn circle in Fig. 6).

Hence, the polari ty of the direct ional
c()nt l ' () l  gnte output depends on which
sicle of '  nul l  the briclge is adjusted.

' l 'he 
output of the direct ional con-

tr 'ol  eate is appl iecl to a circuit  that
drives the neon indicators. 

' l 'his 
cir-

cu i t  i s  such tha t  e i the l  one or  the

other of the two neons is i l lurninated.

The clc c()ntrol voltage causes the

corl-ect :u'row to be i l lurninated :rc-

corcl ins to which sicle of 'bal:rnce the

bridge is or-r.  
' fhe 

cross-ovel is sharpl l '

def inecl.
- Kutstntti Yo.shi noto,

Hnruo ltoh. and

Hitoshi Nolluchi

OSCILLATOR AND DETECTOR
INTERNAL OSCILLATOR:  1  kHz t2yo ,  100 mV

rms t2OYo.

INTERNAL DC SUPPLY: Less than 40 volts
a t  nomina l  ac  l ine  vo l tage,

INTERNAL DETECTOR: Tuned amplif ier at I
kHz;  func t ions  as  a  p reampl i f ie r  fo r  meas-
urements with external generator.

EXTERNAL OSGILLATOR: 2O HZ IO 20 KHZ
measurements  o f  capac i tance,  induc tance,
d iss ipa t ion  fac to r  and qua l i t y  fac to r  a re
poss ib le  w i th  ex terna l  osc i l la to r  ( range w i l l
be a function of applied trequency).

GENERAL
POWER SUPPLY: 115 or 230 volts t loo/o, 50-

60 Hz, approx. T watts.

Df  MENSIONS:  Nomina l l y  73 /a  in .  w ide  6y  6 /6
in .  h igh  by  11  in .  deep.

WEIGHT:  Net ,  11  lbs .  (5  kC) .  Sh ipp inC,  15  lbs .
(6,8 ks).

PRICE:  Mode l  42604 Un iversa l  Br idge,
$550.00.':

Manufactured by Yokagawa-Hewlett.Packard,
L td , ,  Japan,  an  in te rna t iona l  jo in t -venture  com-
pany. Data subiect to change without notice.

* Price in U. S- A. f.o.b- Palo Alto, california.
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APPENDIX

AC BRIDGE LOCI

A generalized ac impedance bridp;e is
shown in Fig. l. The bridg;e is driven bv
a voltase E; across the corners OQ. When
the voltag;e across zlrm OP equals the volt-
age across arm OS, the output voltage
Eo is zero. At this time, the bridge is bal-
anced ancl

Z ,  Zn :  Z '  23  ( l )

From this relati<lnship, the value of
any of the four impedances can be cal-
culated if the other three are known. It
is of interest to knou'how the bridge be-
haves as it convcrges towards a balance
point .

Ar balance (f,, : 1,). Z' Z. = Z' Z'

Figure I

GENERAL CONSIDERATIONS

Two t1'pes of bridges, both using re-

s is tances  in  two o1 ' the  arms,  a re  shorvn

in Fig. 2. The bridg;e of l; ig. 2a is trsed

when tlre unknown impedance Z, has a

reactance of the same sign as the reac-

tance in the standard impedance ,Z"1. In

the bridge of Fig. 2b, the reactances of

2.,. and 2., have opposite signs.

Iteactances ol 2,. and Z--,

have samc s ign

Reacranccs o1 Z,. and ,Z",
havr  ( ,p t r rs i rc  s isns

Figure 2

'fhe 
following is assurned:

(1)  The dr iver  impeclance Z;  is  lou '  com-

pared to the bridge impedance look-
ing into the points O and Q;

(2) The detector impedance Z1 is high
tomp l r r ed  t o  t he  b r i dge  r ) u l l ) u l  i l n -
pedance as seen at the points S and P.

(3)  Al l  impedalrces including the un-
known are linear.

It is assumed that the bridge is bal-
ancecl bv the lbllowing procedure:
( l )  111 is  set  approximately to the abso-

lute value o{ 2":
(2) Rr and 2", are ad.iusted alternately,

each adjustment being rnade to bring
the output voltage Eo to a value that
is lower than that of the previous
adjustrnent.

Following step (1), the voltage across
arm OS has a particular vector relation-
ship with the drivirrg voltage OQ, as shown
in Fig. 3. Step (2) then brings the head of
vector OP in coincidence rvith the head
of vector OS. We may consider .S as a fixed
point and then investigate the p()sition
of P as a f unction of 2", and Ro.

LOCI OF P
Consider the case when 2", consists of

a resistance R' in parallel lvith a pure re-
actance X,, (fig. a). If the voltage across

RP

Figure 4

OQ is norrnalized to a unit vector lying
on the X axis with its tail at the origin,
the X-Y coordinates of P in the complex
plane are determined by the vector rela-
t ionship:' 

2.,
7  L Dt , \ t  I  t t x

Subst i tut ing

ixpR,,
RD + jxr

lor  2. ,  and separal ing imaeinar l  ter  rns
Iiorn rcal terms, the X-f coordinates mav
be der ived:

R,, (R, ,+ RB)

and (4). f,quations (3) and (.1) can be corn-
bined thus:

t R,frr r : ' t
t  X , , t R , , *  R r l

R" - R'X" (t i )
R ,  _ iX ,

Substituting equation (6) into equation
(3) vields:

/  l r :  t  I  X . . \ j  l l \ 2

f ^  : r J  ( '  ,  t .  & , )  
-  ( zJ  .  t 7 l

l l  X , , \ '
\t n"l

Equation (7) represents a lanily of cir-
cles, as shown in Fig. ll. The centers of

+
x,,
i

0.2 r, -^,
Figure 5

these circles l ie on the vertical l ine that

bisects the l ine OQ. The location of'each

circle center depends on the ratio Xr/Rr.

Similarly, f iorn equation (5)

I Rux,
X

(a)

R n - I X '
X

Substituting this into equation (3) ,vields:

*, t (t ---L !)'- f,l. . !)' {e)' -  
\ '  2  R B t  \ J  R " l

Equa t i on  (9 )  a l so  r ep resen l s  a  l am i l y  t t l
circles, as shown in Fig. 5. 

-Ihe 
centers

of these circles lie on the ,t :rxis and are
determined by the ratio X,/R6.

A sirnilar zrnalysis lbr thc case whetr
2", consists of a resistance R, in series
with a reactance \ also yields a family of'
circles for the loci of point /'.

In a convent ional  br idge,  R3 and Ro
are adjusted alternately, each adjustment
bringing the detector deflectton to a new
rn in imum.  ! l  i t h  R , ,  he l d  cons ta r r t .  po i n t
P moves along a circular arc described
by equation (7) as Ri is ad-justed. With
Rs he ld constant, point /' moves alons an
arc described bv equation (9) as R, is

adjusted.
Il the detector is not sensitive to phase

but is sensitive only to the absolute value
of the vector dilTerence benveen points P
and S (see Fig. :3), a rninimurn is achieved
lvhen point /' is moved along a circular
arc until the lirte between P and the cen-
ter Of the arc moves onto poinl S. A typ-
ical convergence :rs R3 and 1?,, are alter-
nately adjusted fbr minirnums is shou'n
in l'ig. 3 on page 7.

Hitoshi Noguchi

/ p  \ l

1R,, * Rs)z * n," (il)
R r ' l l B

. ,  -  X ,  t / \

(R, , -Hrr '  f  n , , t ( f ; , ' ) :  
"

In manv bridges of practical design,

the standard reactance X,, has :r I ixed

value and onl-v Rx :rnd R, are adjustable.

Hence, we are concerned primarily with

the behavior of P as Ra and R, are ad-

.justed alternatell ' .

The locus of point P as Re is adjusted

u'hile R,, rernains fixed can be determined

bv eliminatinpJ 1?6 fiom equations (3)

(3 )

(b)

s

. 1 0 .



rn
I  rvo  sesrc rscHNroueshave been used
for several years to i*t".rd into the mi-
cro\4rave region the accuracy of digital
frequency measurements. Transfer os-

cillirtors, in conjunction with counters,
can measure to 15 GHz. Heterodyne
frequency converters, the other means

for extending the range of counters,
have until recently been limitecl to

about 3 GHz.
Transfer oscillators zero beat the un-

known input signal with harmonics of
a low frequency oscillator. The fre-

quency of the oscillator is measured by

the counter, then some means is usecl

to find which harmonic o[ the oscilla-

tor gave zero beat.
A  f requen<y conver te l  uses  a  qu i te

rlifferent approach. It translates down-
rvarrl in frequency an unknown high-
frequency signal by mixing it with a

precisely known signal of slightly lower

frequency. This heterodyne process

yields a difference frequency within

tl-re basic ranse of the counter. Then

the counter reacling plus the known

frequency of the mixing signal are

aclded directly to give the unknown.
A frequency converter has some dis-

tinct advantages over transfer oscilla-

to rs .  I t  i s  much eas ie r  to  use  than
manual transfer osci l lators. But in par-
t icular i t  is capable of much higher res-
olut ion measurements than any trans-
fer oscillator. This is because the plus
or minus one count resolut ion l imit of
the counter is not multipliecl by the
harmonic number as in a transfer os-
ci l lator.

- 6

-12

- 1 8

-24

&x l:11;;*iEilc, PrcNvrnrr" 
3-'2.4 G{r c ien t  s igna l  i s

rneasurement of
tuned.

12.4 GHz

Present for accurate
if  the convert€r is mis-

The new frequency con\rerter re-
quires ir  signal of only 100 mV into 50
ohms (-7 dBm), Fig. 2, anrl  has an
input SWR of less than 2 up to 12.4
ClHz (Fig. 3).

A 200-MHz signal, mult ipl ied up
from the precision frequency standard
of the counter, Fig. 4, and having the
same accuracy, is usecl to clrive a spe-
r:ially designecl Hewlett-Packard Asso-
ciates step-recovery diode. This diode
senerates a spectrum of 200-MHz har-
monics, including every harmonic from
2.8 GHz through 12.4 GHz. As the con-
verter is tuned through its frequency
range, a resonant cavity selects each
harmonic in sequence antl allows it to
pass into the broadband balanced
mixer. A signal of unknown frequency,
connectecl to the converter input, is
also present in the mixer. A difference
frequency signal is produced which,
when it is in the passband of the video
ampli f ier (1 MHz to 212 MHz) is
counted and displayed. The counter,
although rated to 53 MHz,, is able to
clisplay the correct difference frequency
throughout the entire amplifier range

since the video signal is divided by four
in a prescaler circuit and the counting
time is extended by a factor of four in
a Fiate time extender circuit. Both cir-

cuits are in the converter plug-in, and
both {unctions occur automatical ly
when the counter is operated in its
'Plug-in'mode.

6 8
F R E Q U E N C Y  ( G H z )

I sFUT
3- l8J  Sga

cAilllcil
l 0 i8e  &AX

co
I
J

z

a

F
l
L
z

)  2  4  6  8  1 0
FREQUENCY {GHz )

Fig,. 2. This sensitiuity plot shows the input sig-
nal leuel that is required for counting, that is, to

put the panel meter into the green region.

Frg. l. The dial marhings on the cauity
tuning dial of the -hp- Model 52554
I ' requency Conuertcr  Plug- in are l rans-
parent and giue a red indication when
the couity is tuned to a harmonic of 200

MHz.

Recently the ease and accuracy of
measuremenl with a heterodyne con-
verter have been extended through
12.4 GHz (X band). A new converter
plug-in, Fig. I, has been designed for
use with the -hp- Motlel 5245L and
5246L 50-mHz Electronic Counters to
permit measurement of lrequencies be-
tween 3 and 12.4 GHz, a range of over
4  t o  l .

Al l  ambiguity has been el iminated
from the operation of the converter.
There are no spurious responses within
the frequency range of the converter or
in adj:rcent bands. Furthermore the
counter display is suppressed if insuffi-

Input VSWR of the conuerter is unusu-
aIIy low, typically well belou 2.0.
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A PIUG-IN UNIT FOR EXTENDING
COUNTER.TYPE FREQUENCY MEASUREMENTS TO

@
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OPERATION
To measure an unknown frequency,

the converter is tuned starting at the
low frequency end of the dial until the
front panel meter indicates the pres-
ence of a video (difference frequency)

JOHN N.  DUKES

John Dukes joined the Frequency and
T ime D iv is ion  o f  Hewle t t -Packard  in
1962. Previously, he had worked in mi '
crowave receiver development. Before
beginning on the 52554 he part icipated
in the design of the 51004 and 51054
Frequency Synthesizers. He holds the
degree of B.A. from Oberl in College, the
BSEE from the University of North Da-
kota, the MSEE from the University of
Cali fornia at Berkeley, and the degree of
Electr ical Engineer from Stanford, the
last earned while on the -hp- Honors
Cooperative Program.

signal. Then the reading on the coun-
ter is addecl to the frequency reading
on the converter dial, that of the 200-
MHz harmonic selectecl.  Since the mix-
ing signal contains zeroes in most of its
significant decimal places, addition is

easy. By tuning from the low end, the
harmonic selected is always below the
unknown in frequency so that the two
frequencies are merely added. If the
converter is tunecl from the high end
of the dial, the first 200-MHz harmonic
encounterecl which eives a video dif-
ference frequency will be above the
unknown, and thus the readings will
have to be subtracted. This reading
could be used for frequency confirma-
tion if desirecl.

I t  is important to real ize that the

200-MHz harmonics selected by tuning
the converter, because they are integral
mult iples of the counter frequency
standard, are precisely known. Further-
more, the difference frequency is dis-

playecl with the up to eight cligit reso-
lut ion avai lable on the counter. Thus
frequency measurements using the con-
verter, although simple, yield unusu-
al ly high resolut ion. For example, with
the counter time base set at I second
(which gives a four seconcl counting
t  ime becr  use  o f  the  ga te  I  ime ex tens ion
i n  t h e  p l u g i n ) ,  t h e  i n p u t  m i c r o w a v e

Fig. 4. In the -hp- Model 5255A Frequency Conuerter
Plug-in, the difference frequency between the input and the
harrnonic is diuided by four to put it in the range of the
counter. Gate time is then extended four tirnes so that the

counter reads frequency directly.

frequency is measurecl to I Hz.

DOWN-CONVERTER USAGE
Although the basic function of the

converter is to measure microwave sig-
nal frequencies, the converter has other
useful modes of operation. On the
front panel are two BNC connectors,
one an extra input to the video ampli-
fier, the other an additional video am-
pl i f ier output. The extra input al lows
clirect use of the amplifier and pre-
scaler sections of the converter for sen-
sit ive l-  to 200-MHz countin€i.  Using
this 50-ohm input, a signal of only 5
mil l ivolts between I-and 200-MHz can
be countecl ancl cl isplayecl direct ly.

(This might be compared with a typi-
cal counter which has about 100-mV

sensit ivi ty.)
The exra front panel output, also

50 ohms, supplies the difference fre-

quency being clisplayed by the counter,
that is, the clifference between con-
verter input frequency and the adja-
cent  200-MHz harmon ic  re fe rence

frequency. The difference frequency

must, of course, be within the l-  to 212-
MHz passbancl of the video amplifier.
Avai labi l i ty of this signal means that
the converter can function as a general-

purpose down-converter for translat-
ing microwave sisnals from 3- to 12.4-

GHz clown into the l- to 200-MHz
range. Such a signal could be viewed

on an oscilloscope, or be usecl to meas-
ure frequency deviation. This output
can also be usecl to lock a microwave
oscillator to a low-frequency reference

signal. Adding a detector at this output

enables the converter to be used as a

receiver.

CAVITY DESIGN
Consiclerable effort was made in the

design of this instrument to avoid any

possibility of measurement ambiguity
and to assure simplici ty of operation.
The cavity, which tunes from 2.8 GHz
through 12.6 GHz with linear motion,
has  no  spur ious  resonances  e i ther
within the frequency range of the in-
strument or within adjacent bands.

Such responses could cause ambiguity,

or at least inconvenience during meas-

urement. The closest calculated spuri-
ous mocle of the cavity is above l8 GHz,
atlhough there is no response because

o[  the  insu f f i c ien t  harmon ic  power  gen-

eration near that frequency.
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The mechanical drive that tunes the
cavity posit ions a tuning probe to
within a few mil l ionths of an inch, yet

there is no perceptible backlash from
tuning knob to cavity.

The l inear dial that reads out the
frequency selected by the cavity is
achieved without cams. The dial point
is illuminated only when a specific har-
monic is tuned, thus indicating graph-
ically that although the dial rotates
with continuous motion as the tuning
knob is turned, only discrete frequen-
cies are selected from the cavitv.

ELIMINATING AMBIGUITY

While ease and clarity of operation
are important in a frequency measur-
ing instrument, accuracy and precision
are fundamental. Tirning responses at
submult iples of the input frequency
caused by  harmon ic  mix ing  are  a  t ra -
clitional problem in improperly de-
signed converters, and will give indica-
tion of a signal at approximately f l2
or f  13, etc.,  for an input of frequency
f. This serious ambieuity is avoided in
this converter (as in previous -hp- fre-
quency converters) by a carefully de-
signed broadband balanced mixer plus
the control led and uniform signal level
f rom the  cav i ty  in to  the  mixer  across
the entire frequency range.

Insulf iciently sharp cutoff at the high
frequency encl of the video amplifier
bandpass - also often present in poorly
designed converters - can cause erro-
neous frequency clisplays or misleading

Fis.5. Only simple addition is required to obtain the ualue of
an unhnown frequency as illustrated here with the -hp-

Model 52554 Frequency Conuerter in use tuith the -hp-

Model 5245L Electronic Counter. The conuerter cauity is
tuned to the 200 MHz harmonic that appears at the 9 GHz
dial setting. The counter shous the diflerence lrequency
betueen that harmonic and the input frequency, or 180

MHz. Thus the f requency being measurecl is 9.180 GHz.
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operation. In this case, a strong input
signal may cause the tunrng meter to
ind ica te  su f f i c ien t  s igna l  leve l  fo r
proper counting even though the fre-
quency of the video signal is beyond
the range of the basic counter. In the
new converter this possibility is elimi-
nated by an extremely sharp cutoff at
a vicleo frequency of 212 MHz, which
corresponds to the 53 MHz high fre-

quency input rating of the basic coun-
ter. (Generally cutoff is achieved with
passive filters that attenuate frequen-
cies outside the amplifier passband.
This converter uses a discriminator-
type of circuit that senses frequency,
ancl, when the frequency is beyond 212
NIHz inhibits both countine'ancl zul-
pl i tude response of the tuning meter.)

A high signal-to-noise ratio has been
maintained throughout the converter.
Thus when the tuning meter indicates
that sufficient signal strength is present
for counting, that is, when the meter
moves from the red region at the bot-
tom of the scale into the green region,
counting wil l  be steady and accurate.
Tirrning the front panel control peaks
the tuning meter, but even i f  the meter
is  no t  peaker l  the  cour r t ing  remains  s ta -
ble and accurate. Wl-ren the meter is
i n  t h e  r e d  r e g i o n .  (  o u n t i n g  i s  s u p -
pressecl. An automatic counter reset

pulse generated as threshold is passecl
in either direct ion means that as the
counter is tuned, the counter display
changes from all zeroes to a correct full
t  o u n t .  a n d  u p o n  t l e t r r n i n g  r e s e t s  i m -
rnecl iately to zeroes.

FM INPUT SIGNALS
Although the converter is designed

for measuring CW signals, its opera-

tion is unaffected by large amounts -

many megahertz - of FM on the input
signal. The only constraint is that after
frequency translation in the mixer, the
peak deviations on the input signal
must remain within the passband of
the video amolifier.
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5  P  E C I  F I C A I I O N S *
-hp-

M O D E L  5 2 5 5 A
F R E Q U E N C Y  C O N V E R T E R

RANGE;  As  a  conver te r  fo r  -hp-  Mode ls
5245L/5246L Counters,3 to 12.4 GHz using
mixing frequencies of 2.8 to 12.4 GHz in
200 MHz s teps .  As  a  p resca le r ,  1  MHz to
200 MHz.

ACCURACY; Retains counter accuracy.
INPUT SENSITIVITY: 100 mV rms (-7 dBm)

as  a  conver te r .5  mV rms as  a  p rosca le r .
INPUT IMPEDANCE:  50  ohms nomina l .
MAX.  INPUT:  +10 dBm;  0  dBm on AUX lN.
LEVEL INDICATOR: M€ter aids frequency se-

lec t ion ;  ind ica tes  usab le  s igna l  leve l ,
AUXILIARY OUTPUT: 1 MHZ tO 2OO MHZ dif.

fe rence s igna l  f rom v ideo ampl i f ie r ,
REGISTRATION:  Counter  d isp lay  in  MHz is

added to  conver te r  d ia l  read ing .
INSTALLATION: Plugs into front panel plug-in

compar iment  o f  -hp-  Mode ls  5245L and
5246L E lec t ron ic  Counters .

INPUT VSWR:  <2.0
INPUT CONNECTOR:  Prec is ion  Type N female .

GPC"7 connector  oo t iona l -
WEIGHT:  Net ,  8% lbs .  (3 ,8  kg) .  Sh ipp ing ,  12

lbs .  (5 ,5  ks) .
PRICE:  $1 ,650.00
'Fwhen used with the -hp- Model 5245L 50-

MHz E lec t ron ic  Counter ,  ser ia l  p re f i xed  402
and above,  and the  -hp-  Mode l  5246L E lec-
t ron ic  Counter .

Prices f.o.b, factory
Data subiect to change without notice
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NEW FCC RULES FOR FM STEREO FREQUENCY CONTROL

\T
I\  ew FCC nEcularloNs ro go into ef-
fect November l, 1966 will require FM
stereo  broadcas t  s ta t ions  to  ma in ta in
their l9 kHz pilot subcarrier to r,r,'ithin
2 Hz. Those stations carrying an adili-
tional SCA (Subsidiary Communica-
tions Authorization) subcarrier will be
required to maintain its frequency to
within 500 Hz. SCA uses a vacant part
of the FM channel to provide mon-
aural music, facsimile and auxiliary
services. More than one SCA service
may be provided. Nleasurements must
be  made as  o l ten  as  necessary  to  insure
stabi l i ty, or at least once each cla,v.

To date, the FCC has not required
proof of stereo performance by an FM
stereophon ic  s ta t ion .  Th is  recent
amendment to FCC Rules and Regu-
lat ions, Vcrl .  I I I ,  Part73, Radio Broad-
cast Services, insures that the transmit-
ted signal, when received on a properly
ad jus ted  rece iver ,  w i l l  have channe l
separation to procluce a stereo effect.

Stabi l i ty of the l9-kHz pi lot subcar-
r ier is important in the abi l i ty of a
receiver to separate right ancl left chan-
nel information. How this pilot sub-
carrier is used is shown in Fig. l. The
left and right channel (L + R) infor-
mation is transmirtecl with a l5-kHz
bandwidth ancl is the monaural signal.

To separate the stereo channels, it is
necessary to send additional informa-
tion in the form of a signal which is
the difference between the channels, or
(L-R). This is transmittecl as ampli-
tucle moclulation on a 38-kHz subcar-
rier superimposed on the main FIVI
carr ier, Fig. l .  Although unintel l ieible
by itself, the (L-R) sienal is userl in
the process of reproducing the program
rnaterial as the two original channels.
SCA, i f  used in adcl i t ion to stereo, ma,v
be transmittecl at subcarrier frequen-
cies of from 59 to 75 kHz.

The 38-kHz subcarrier is suppressed
at the transmitter for better ut i l izat ion
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Fig.7. Graphical representation showing how int'ormation is
transmitted on a typical FM channel for a stereophonic sta-
tion carrying one channel of SCA. When only one SCA

seruice is prouided, a 67-lzHz subcarrier is used.

o[ the moclulation capabilities of the resolution of essentially -t- I Hz at the
FNI transmitter. Nlost practical detec- I second time base setting when meas-
t ion methocls involve reinsert ing this uring l9 kHz.. Those counters with a
c:rrrier at the receiver to retrieve the l0 second time base available will pro-
(L-R) information. When cloublecl in vide a resolution of -+0.1 Hz, which is
the rece iver, the l9-kHz pi lot subcar- a clesirable capabil i ty in view of the
rier can be r-rserl as the reinserted 38- tight FCC requirement.
kHz subcarrier. Crystal oscillator stability given in

High-Q tuned circuits are necessary the table is the aging rate of the crystal
at the receiver to get the 19 kHz out of osci l lator and is both a measure of
the received FM signal. If these circuits overall oscillator stability ancl a guide
are slightly mistuned, or if the l9-kHz to the allowable time between succes-
signal is off frequency, a loss of stereo sive calibrations to maintain accuracy.

separation or distortion results tlue to
the change in phase caused by the sig-
nal being at a different part of the filter
characterist ic.

l,xistins FCC type-approved moni-
tors do not have circuitry to measure
the accuracy of the l9-kHz subcarrier
l requenr  y .  But  e le t  t r 'on ic  counters  us-
ing a quartz crystal t ime base meet the
l"CC accuracy re<luirements ancl offer
a simple, yet flexible means of making
these measurements. Several -he- elec-
tronic counters are suitable for makins
subcar r ie r  f requency  measurements .
( iounters u' i th extendecl frequency
ranges are also useful for making car-
r ier frequency checks.

The acr:ompanying table lists those
-hp- counters suitable for frequency
measur-ements of this type. Al l  have a

ELECTRONIC COUNTERS
FOR FM STEREO MEASUREMENTS

-hp-  Max imum Crys ta l  Osc i l la to r
Mode l  Frequency  Frequency  Stab i l i t y

3734Ar 5.O MHz 4 t2 Parts in l0o
per week

3735A7 t2.5 MHz < t 2 Parts in lO7
per month

5272A/55t2A' 30O kHz < !2 parts in 106
per week

5232A/55g2Az 1.2 MHz < t 2 parts in 1o7
per month

5245L2 50 MHz* < t3 Parts in 10e
per day

SZ46L 50 MHz* < !2 Parts in 1O7
per month

524c/D2 1O MHz < t 5 Parts in 108
per week

523clD2 t.2MHz < t2 Parts in 106
per week

S2ZB7 l2O kHz < t lO Parts in 106
per week

r1o-second t ime base ava i lab le  as  oo t ion .
2Has 1O-second t ime base.
' !P lug" in  un i ts  ava i lab le  to  ex tend f requency  range
to  12 .4  GHz fo r  o ther  s ta t ion  measurements  and
for  mic rowave l ink  f requency  measurements .

. 1 4 .



A FREQUENCY COMB GENERATOR WITH A RANGE
FROM I MHz TO BEYOND 5 GHz
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Cnvsrrrt, cAr-rBRAToRs, long used to
generate RF marker frequencies for
ca l ib ra t ing  rece iver  d ia ls ,  f requency
meters, uravemeters, antl  other fre-
quency sensit ive devices, are l imited in
range because of the small amplitucle of
the higher harmonic frequencies. Re-
cently, it has become possible to greatly
increase tl're frequency ran€ie of calibra-
tors by taking advantage of the char-
acteristir:s of step recoverv diocles. Step
recovery diocles incre:rse the harmonic
conten t  subs tan t ia l l y  by  in t roduc ine
sharp transients into the basic wave-
form.1

Step recovery cliodes enable the fre-
quency range of a new cai ibrator to ex-
tend well  beyond 5 GHz. The cal ibra-
tor has three internal crystal-controllecl
osci l lators at frequencies of 1, 10, and
100 MHz and a step recovery cliode
t l r a t  s h a p e s  t h c  o s c i l l r t o r  o u t p u t s  i n t o
extremelv narrow pulses (see block dia-
gram, Fig. 7). The narrolr pulse width
(less than I 00 picosecontls) provides
marker frequencies of useful ampli-
tucle from I NIHz to beyond 5 GHz.
On a plot of sienal ampli tucle vs. fre-
quency, such as that displavecl b1. a
s l ) c c l r u m  a r r l r l l z c r .  t h e  i n s t r r r m e n t  o u t -
pr,rt resembles a comb, with frequent:1,
component spacines of I ,  10, or 100
N'IHz clependins on the oscillator se-
lecterl  (Fia. l) .  Hence, rhe instrument

I Robert D. Hall and Stewart lvl. Krakauer, ' l \4icrowave Har-
m 0 1 , (  C p n e r a t i 0 l  a l d  N d n 0 s e c 0 r d  P u i s e  G e l e r a t i 0 n  w i l h  t h e

i l lo; l .r%1li%u?l.oe, ' 'newlett-Packard 
r0urnar, '  v0r. 16,

oulfua

t0 '
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F ig .  1 .  Po r t i on  o f  spec t run t  gen -

e ra ted  by  neu - t  F requency  Comb

Generator as displ.ayed on Spectrum
Analyzer. Portion of comb shoutn

here is 300 MHz band of 10 MHz
components (display is set lor 30
MHz /cm spec t rum w id th ) .  F re -
quency  componen ts  shou :n  he re ,
utith spectrutn analyzer set for log-

arithmic response, haue anplitudes
that difler hy less than 2 dB.

ancl waverneters. Frcquency accuracy
of each oscillator, and thus of each har-
monic component, is -+0.01To.

The new instrument also functions
as a source of impulses for testine sys-
tem response in the time domain. Fur-
thermore, it can be userl for broadband
frequencv response rneasurements by
irnl;ulse test ing, as described later in
this art icle.

The frcquencl '  Comb Generator
can also be clr ivcn by an external sine
u'ave in tlle ranee from I to 200 N{Hz
(the sine rvave shoukl have an ampli-
tutle of I to 3 r'olts rms). The resultant
c , , m h  t h c n  h r r s  t l r e  l r c r l r r e n c y  s p r c i n e .
accurirc,v, ancl stabi l i ty of the cxternal
signal. This function enables a l-  or
5-N{Hz frcquencv stan(lal'(l to be ex-
tendecl up to hunclreds or thousantls of
NIHz by halmonic rnult ipl icat ion. In

addit ion, internal ly-generated l-MHz
coml)onents can bc :rr l<let l  to the l0-
III{z cornb, yrroviding fretluencl' com-

J)onents spai:ed at I NIHz 'r'r,'ith every
tenth (-omponent :rt  a hiehcr ampli-

*{ t*'  
A  e a o c e  f i t a r [ \ ( r  ( . v a  n , { T R A I  P  ],.i1,: 

ilFf _*;.r_.;o_ 
:', 
1

l { lggp0LATr0x
AUPLTTU$e-r$C

0!tPuT
AilPIIIU}f

4 & r ,  . & #
-

Fig.2. Model 84064 Frequency Comb Generator sup-
pl ies internal ly-generated f requency conr.ponents

spaced at 1,10, or 100 MHz for calibration ot' broad

tuning-range deuices up to 5 GHz. Other frequencies
u:ithin range of 1 to 200 MHz may be used to driue

Comb Generator.

is callecl a Frequency Comb Generator.
The ner ,v  Frec luency  Comb Gen-

erator \\'as clcveloped primarily as a
conr,enient and :rccurate frequer-rr:1' cal-
ibration acc-essory for the -hp- Nlodel
85 1A/8551 A Broarlban<l Spectrum An-

alyzer.r I t  can be used as r, 'el l  for the
cal ibrat ion of other instruments r.r ' i th

wide tuning ranges, suclr as rec:eivers,

s igna l  gencra tors ,  s \ t ,eep osc i l la to rs ,

2 Har ley  L .  Ha lvers0n,  'A  New Mic rowave Spect rum An-
a lyzer , ' 'Hewle t t -Packard  J0urna l , '  V0 l .  15 ,  No.  12 ,  Aug. ,
1964.
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Fis. 3. 10-MHz lrequency comb uith

added 1-MHz components.  Higher

ampl i tude ot '  10-MHz components
prouides decade scale marks for eosier

identification of l-MHz increments.

tude (Fig. 3). An external signal can
also be used to phase-modulate the out-

put of any of the internal oscillators to

provide interpolat ion side-bands on

the comb components (see Fig. l2).

THEORY OF OPERATION

In the time domain, the output of

the Frequency Comb Generator is a

train of narrow, positive pulses at a
repetition rate that is the frequency of

the selected internal crystal-controlled

osci l lator or external source (Fig. 5).
On a sampling osci l loscope that has

90-ps r iset ime, these pulses are dis-

played as having a wiclth of 100 ps and
an amplitude of t/z volt. Calculations
basecl on the amplitude and number of
frequency components as clisplayed on
a spectrum analyter indicate that the

pulses actually are less than 70 ps wide
and have an amplitude of about Ya
volt.

The spectrum, or frequency clomain
representa t ion ,  o [  a  pu lse  t  ra in  cons is ts
of a clc component, a funclamental fre-

quency  comPonent  ( the  repet i t ion
rate) and higher frequency compo-

nents occurring at harmonics of the
fundamental,  as in Fig. 6.* Since the
outpu t  waveform ap l r rox imates  an  im-

pu lse ,  each harmon ic  component ,  in -

cluding the fundamental, has approxi-
mately the same amplitude. However,

the pulses do have a finite width, T.,",

so that the envelope of the spectrum
falls off as the frequency of the har^
monic components approaches l /T.,u
and may actually go through a null at

frequency 1/T.u. Because the pulse
width of the Frequency Comb Genera-

tor has been made less than 100 pico-

seconds, the null occurs beyond l0 GHz

ancl useful spectrum content thus ex-
tends well beyond 5 GHz.

ACCURATE DETERMINATION
OF A SIGNAL FREQUENCY

The Frequency Comb Generator can

be usecl to improve the accuracy of fre-

quency cletermination with a broad-

bancl Spectrum Analyzer, as described

on page 17. The accuracy of such a
measurement is the possible absolute

frequency error of the comb (-r-0.01%)

plus or minus the possible error in the

analyzer frequency clisplay calibration
*  Ac tua l l y ,  n0  dc  appears  ln  the  ou tpu t  0 f  the  Frequency
Comb Genera tor  because 0 f  a  shor ted-s tub  d i f fe ren t ia to r  in
the  ou tpu t  c i rcu i t .

l::

l

f

r,,?' :
Fig.  4.  Heulet t -Packard Wideband
Spectrum Analyzer, t'or uhich Comb
Generator uas designed, displays up
to 2O00 MHz ot' radio spectrum at a
time. Wide tuning ronge (10 MHz to
40 GHz) and wide display amplitude
range ()60 dB) ol Spectrum Ana-
lyzer enable eualuat ion of  s ignals
widely separated both in omplitude
and t' r eq uency. Analy zer w as de signe d

t'or straightt'orward operation; reduc-
t i on  o f  spu r i ous  and  res i dua l  r e -
sponses ossures minimum confusion.
Controls are calibraterl so that fre-
quency and relatiue amplitude can be
read directly. Comb Generator pro-
uides markers lor higher precision in

f r e quency d.et ermino.tion.

:::,1.;,;?+-:.,{'irli:l;:1;';;i',

II'JL JL
F-rs-*l

f .=1  /Tg

Fig. 5. Time Domain representation
of output pulse train of Frequency

Comb Generator. Pul.se uidth is des-
ignated 7", and pulse rate period is

Ts. Actual pulses haue ratio of T*,/Ts
that  ranges t ' rom less than 0.0001

to 0.01.

(sweep linearity) that was used in meas-
uring the last increment (5% for the
M o d e l  8 5 l A / 8 5 5 I A  S p e c t r u m  A n a -
lyzer). In the case described on page t 7,
the maximum possible erroris (-f  .0001)

(r850 MHz) -r-(.05) (.35 MHz), which

equals 0.2025 MHz. This is an accuracy
of 0.011%. The accuracy in this case is
de termined pr imar i l y  by  the  1-MHz

crys ta l  osc i l la to r  in  the  Frequency

Comb Generator while the linearity of

the Spectrum Analyzer sweep is only of

secondary importance.

FREQUENCY CALIBRATION
OF INSTRUMENTS

The new instrument can also be used

as a source of input signals to check the

2fs 3fs

F ig. 6. F re q uency domain re presenta-

tion ot' pulse train shoun in Fig. 5.

With id.eal pulses, freQuency compo-

nents would be of near identical am-
pl i tude out  to I /TTw and moy go

through a null at a frequency of 1 /Tv.

-t9'

0
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Fig.7. Blocl? diagram of Fre-
quency Comb Generator. Step
recouery diode uorhing into
shorted stub line differentiator
generates output impulse. One
of three crystal oscillators en-
ergized. by front panel push
buttons driues step recouery
diode.  Tunnel-d iode shaper
speeds up rise times ot' lower

frequency driue signals suffi-
ciently to driue step recouery
diode. 10-dB pad makes out-
put impedance a nominal 50
ohms because of lou imped-

once of  shor led stub.

i?B'^ilio*lql#tgo-t^20-200M Hz

for-TPrril
I AMPLrrupE I

I

TR IGG ER
1 - 2 0 M  H z

M H z , 1 0 i
COMB

1 M  H z
OSCILLATOR

1 0 M H z
OSCI LLATOR

1 00M Hz
OSCI LLATOR

ACCURATE DETERMINATION OF A SIGNAL FREQUENCY
ON A SPECTRUM ANALYZER

The series of photographs shown here i l lustrate
how the Frequency Comb Generator described in
the accompanying art icle can be used to improve
the accuracy of frequency determination with a
broadband Spectrum Analyzer. Fig. (a) shows the
analyzer display of a signal combined with the
100 MHz comb. The large spike at the left  is
caused by local oscillator feedthrough in the spec-
trum analyzer and provides a convenient zero fre-
quency reference. Counting the comb frequency
components from the left  shows that the signal
l ies between l80O and 1900 MHz. Now the an-
alyzer is tuned to place the l8OO MHz marker at
zero cm and the analyzer spectrum width is set to
l0 MHzlcm (Fig. b). Switching to the 1O MHz
comb and again counting harmonics shows that
the signal is between 1840 and 1850 MHz (Fig.
c). The spectrum width is next switched to 1
MHz/cm (d) and the l-MHz components are
added to the 10-MHz comb, as in Fig. (e), which
shows that the signal is between 1847 and 1848
MHz. With the horizontal scale exoanded to 100
k4z/cm, the signal frequency is read as 1847.35
MHz (Fig. f) .

Signal
t n

o 7 7 o
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3AFREQUENCY
COMB

GENERATOR

Fig.8. When Frequency Comb Gen-
erator is used for calibration of signal
generators, crystal detector atts aa
mixer to prouide sum and difference
products between signal generator

output frequency and comb frequen-
cies. Oscilloscope serues as zero-beot
indicator to shou when signal gen-
erator output and comb cotnponent

are at sarne frequency.

accuracy of a spectrum analyzer tuning

dial by setting the analyzer tuning dial

cursor to the frequency of a comb com-

ponent,  and then observing the dis-

placement of  that  component wi th

respect to the center of the CRT dis-

play. Obviously, sweep calibration accu-
racy and linearity can also be checked
by measuring the separation between
the displayed comb componenrs.

Tirning dials on high-frequency re-
ceivers are calibrated by tuning for a
zero beat while the Frequency Comb
Generator output is applied as the in-
put signal. The harmonic components
of the comb are the cardinal points
at which the dial can be cal ibrated.
Should an AM receiver not have a
BFO, the AVC voltage may be used as
a tuning indicator or, if the receiver is
very sensitive, reception of a comb com-

ponent is indicated by quieting. The
same would be true of an FM receiver.

Absorption wavemeters are readily
calibrated with the Frequency Comb
Generator and a spectrum analyzer.
The comb generator output is fed
through the wavemeter to the spec-
trum analyzer and, as the wavemeter is
tuned over its range, dips occur in the
observed comb components. Calibra-
tion is accomplished by comparing the
wavemeter dial reading at the maxi-
mum dip of a particular comb compo-
nent with the frequency of that com-
ponent.

Signal generators are calibrated with
the set-up diagrammed in Fig. 8. The
detector shown in the diagram func-
tions as a mixer to produce the sum
and difference frequencies of the signal
generator and Frequency Comb Gen-
erator outputs. The higher mixing

products are rernoved by the low-pass
fi l ter. When the signal generator is
tuned to exact coincidence between its
output frequency and a comb compo-
nent, the oscilloscope display shows a
zero beat. This technique can also be
used statically to calibrate a sweep os-
cillator or dynamically to place fre-

quency marker pips on a swePt-fre-
quency display.

The same technique can be used to
cal ibrate a wavemeter in case a spec-
trum analyzer is not avai lable. The

wavemeter is inserted in series between

the Frequency Comb Generator and

the detector and the cardinal tuning

points are located by noting a dip in

the detected output.

FREQUENCY RESPONSE MEASUREMENTS

The frequency response of linear sys-
tems is quickly determined by apply-

Fis. 10. Broadband balanced mixer
conuersion loss as determined.by Fre-
quency Comb Generator and spec-
trutn analyzer in set-up shown in di-
agram. Upper comb shous 10-MHz
frequency comb as applied to mixer.
Lower comb, which is output of mixer,
has comb conlponents spaced at 5
MHz resulting from 12.5 MHz side-
bands on each side of input cornb
components. Center of display is 500
MHz, spectrum utidth Ls 10O MHz/
cm, and. uertical calibratinn is 10 dB/
cm. Conuersion loss at any frequency
is difference betueen comb ampli-

tudes at that frequency-

ing the frequency comb ro the input of
the system or device and observing the
resultant output spectrum on a spec-
trum analyzer. The ratio of rhe output
comb to the input comb is the transfer
function of the device in the frequency
domain. With an ideal ly f lat input
comb, the envelope of the comb dis-
played on the spectrum analyzer is the
frequency response of the device being
tested.

Since the envelope of the comb gen-
erator output has some variations, this
measurement is best made by an in-

HEWTETT-PACIGRD JOUNNAL
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Stalf: F. J. Bwkhad, Editat) R- P, Dolan,
L .  D.  Sherya l i s ,  R .  A .  Er 'ckson,  A .D.

Fig. 9. F requency response meosure-
ment of -hp- Model 36OA 700-MHz
low-pass filter using Frequency Comb
Generator  output  as st imulus and
spectrutn analyzer to display results.
Input and output combs are shown,
displaeed slightly with respect to each
other lor clarity. Comb which extends
evenly toutards right of display is in-
put comb. Output of fiIter is comb that
drops off in amplitude to right of cen-
ter. Center screen is 700 MHz, spec-
trum uidth is 30 MHz/cm, and uerti-
cal calibration is 10 dB/cm, shouting
ftlter cutoff slope of approximately

42 dB/100 MHz.

Mixer

12.5 MHz

Frequ ency
Comb

To Spectrum
An a lyzer
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FiS. 11. Set-up for rneasurement of reflection coefficient with broadband

C omb Gene rator f S pectrunt Analy z er te chniq ue. S pectrutn Analy zer in-

itially is connected to forutard auxiliary atm of coupler to monitor fre-
quency comb applied to d.euice under test. Spectrum Analyzer is then

connected. to reuerse auxiliary arm to monitor reflected comb, Compor-

ison of forward to reuerse combs determines reflection coefficient.

sertion method. The top of the comb,

with the comb generator output ap-

plied directly to the spectrum analyzer

and with the analyzer set for a loga-

rithmic vertical display, is traced on

the CRT face with a grease pencil. The

device to be measured is then inserted

between the comb generator and the

spectrum analyzer and the comb dis-

played is compared with the penci l

mark. The difference between combs

represents the transfer function of the

device in dB vs. frequency. This pro-

cedure may also be performed photo-

graphically by making a before-and-

after double exposure, as shown in

F ig .9 .
The frequency comb technique is a

quick, moderately accurate, method of

measuring frequency resPonse and it

has the added advantage that the fre-

quency Points are known very accu-

rately. Fig. 9 shows the result of per-

forming this measurement on a 700-

MHz low-pass filter. Fig. l0 shows the

measurement of the conversion loss
of a mixer vs. frequency using the
method.

This technique can also be used to
measure reflection coefficient. To do
this, a dual directional coupler cover-
ing the frequency range of interest is

inserted in the set-up, as shown in Fig.

ll. The spectrum analyzer, set for a
logarithmic display, is first connected

to the incident wave terminal of the
coupler and then to the reflected wave

terminal. The difierence between the

two responses is the return loss directly

in dB from which the reflection co-

efficient is easily calculated.
To assure  va l id i ty  o f  the  comb

method for measuring frequency re-

sponse, the system under test must be

capable of operating linearly with a %
volt pulse input i f  i ts input bandwidth

is greater than 5 GHz. If an input filter

can be used, or if the input bandwidth

is less than 5 GHz, the necessary range

of linear operation can be calculated

Fig. 12. Phase modulation of 100

MHz comb by 20 MHz sine waue

results in sidebands astride eoch

"tooth" of lrequency comb. Shown

here are 10(N MHz and 1100 MHz

comb components (Iarge amplitude

responses) with 980 , 1020, 108O, and

1120 MHz sidebands.

. 1 9 o



f rom the  knowledge tha t  the  Fre-

quency Comb Generator output is 150

pVlMIIz

PHASE MODULATION CAPABILITY
Each of the internal combs can be

phase moclulated over a wide modula-
tion frequency range by applying a low
level signal (l-100 mV) to the appro-

priate external trigger input while the
desired comb'Frequency' button is de-
pressed. Low-index phase modulation

produces sidebands astride each tooth
of the comb and spaced from the main
comb by the modulation frequency.

Fig. 13. Interpretation of spec-

trurn display shown in Fig. 12.

For modulation indices of less
than 0.2, mod,ulation ind,ex
(L,o) equals ratio ot' twice one

sideband amplitude to carrier

amplitude (ao = 28/A). Fre-
quency deuiation (AF) is t:

product of modulating fre-
quency (t) and modulation

index (AF = !f^ Ao).

As an example ,  F ig .  l2  shows the
1000-MHz and 1100-MHz components,
with their 20-MHz sidebands, resulting
from modulation of the 100-MHz comb
with a 20-MHz signal. The instrument
is designed to enable the l-MHz oscil-
lator to phase moclulate the l0-MHz
comb, generating lower level l-MHz
components in the I0-MHz spectrum
(rig. 3).

This technique can be used for in-

terpolation purposes when cletermin-
ing the frequency of a signal appearing
on the spectrum analyzer. The modu-
lation frequency provided by an exter-

nal source is varied until the sideband
coincides with the unknown signal.
Then the unknown frequency is the
frequency of the main comb harmonic

component -+ the modulat ion fre-

quency, depending on whether an
upper or lower sideband was made to
coincide.

The amplitude required of a mod-
ulating signal for a given modulation

index depends on the comb beingmod-

ulated, the harmonic component, and
the modulation frequency. The modu-
lation frequency may be from kilohertz
to tens of megahertz, permitting the

€ieneration of FM or phase modulation
signals of low modulation index but
at very high modulation frequencies.

The modulation index can be meas-

ured by observing the output signal on

the spectrum analyzer (see Fig. l3).
The modulat ion index of Fig. l2 is 0.2
which means the frequency deviation
is -+4 MHz. The Comb Frequency

Generator has been used in this man-

ner in our laboratory to measure the
frequency response of a wideband clis-
criminator.
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5  P E C I F I C A T I O N S
-hp-

M O D E L  8 4 0 6 4
F R E Q U E N C Y  C O M B  G E N E R A T O R

COMB FUNDAMENTAL FREQUENCIES: l, 10,
and 100 MHz, pushbutton selected, generate
harmonically related signals usable to beyond
5 GHz.

COMB FREQUENCY ACCURACY: +0.01% (0'
to  50"C) .

PEAK AMPLITUDE (in terms of equivalent cw
signal level as measured on -hp- Model
8518/855f  8  Spect rum Ana lyzer ) :

MAXIMUM PERMISSIBLE EXTERNAL SIGNAL
AT COMB OUTPUT: signals exceeding I watt
(peak and average) at comb output may cause
damage.

INTERPOLATION FUNCTION: 10 MHz and I
MHz combs can be  combined in to  p r imary-
s e c o n d a r y  c o m b ;  I N T E R P O L A T I O N  A M P L I -
TUDE control adjusts level of secondary (l
MHz)  s igna l .

EXTERNAL MODULATION: External modulation
signals as low as 5 kHz can be used to phase
modu la te  any  comb to  p roduce s idebands fo r
interpolation between fixed comb markers.
Level of modulation voltage required varies
w i t h  m o d u l a t i n g  f r e q u e n c y  a n d  h a r m o n i c
number  o f  comb be ing  modu la ted .  As  an  ex-
ample ,  to  p roduce s idebands approx imate ly
20 dB be low main  comb marker  a t  l  GHz
harmon ic  o f  appropr ia te  comb,  typ ica l  mod-
ulation voltages are:

1-2 mV rms at 200 kHz for the 1 kHz
comb.

5-10  mV rms a t  2  MHz fo r  the  10  MHz
comb.

50-100 mV rms at 20 MHz for the 1O0 MHz
comD.

s igna ls  g rea ter  than 5  V rms a t  modu la t ion
input  may cause damage.  BNC female  con-
nector.

EXTERNAL TRIGGER: External siBnals (ncrmally
sine waves) between I and 200 MHz can be
used to produce combs spaced at frequency
of trigger signals. Typical input signal levels
are in range of 1-3 volts rms. Input signals
greater than 5 volts rms may cause damage.

OUTPUT AMPLITUDE control of 84064 can be
used to adiust output comb level with input
triggers in 1-20 MHz freguency span- Output
comb amplitude is a function of input signal
leve l  when us ing  s igna ls  in  f requency  span
from 20 to 2O0 MHz. BNC female connector.

POWER: l l5 or 230 volts + 70yo,50 to 400 Hz,
2 watts.

S IZEi  Nomina l l y  5ys  in .  w ide  by  6% in .  h igh  by
11 in .  deep.  (130 x  155 x  279 rn .m. )

WEIGHT: Net: 6 lbs. (2,7 kg\. Shipping, 9 lbs.
(4,1 ke).

PRICE: Model 84064, $500.00.
Prices f.o.b. factory

Data sub.iect to change without notice

Conb 10 500 M!? O 1 I CHz 0.5'2 eH. f2 CHr 2.4GUz

1 MHz >  -80  dBm *  >  -70  d8m -  >  ,82  d8h

tm ,  ;o@ roas"  -  , - -aen

100 M8? -  >  45  dBn -  >  -35  d8m > -47  d8m

OUTPUT AMPLITUDE control Dermits contin.
uous  leve l  ad ius tment .

COMB OUTPUT CONNECTOR: Type N female,
source  impedance approx imate ly  50  ohms,

P R I N T E D  I N  U .  S .  A @ H € W L E T T .  P A C K A R D  C O . ,  1 9 6 6




