


An Automatic, Precision 1-MHz Digital
LCR Meter
This new LCR Meter is especially designed for measure-
ments of low-value components in integrated circuits and
thinJilm hybrid circuits, as wellas of discrete components.
/t uses a four-pair measurement technique to reduce errors
caused by stray capacitance, residual inductance, and
mutual inductance of the tesf /eads.

by Kohichi Maeda

T N THE MANUFACTURE of integrated circuits,
I good process control is essential if yield and re-
liability are to be maximized. Good process control
requires many measurements of parameters on the
chip; for example, capacitance versus voltage deter-
mines several electrical characteristics of junctions

and is an important source of information about the
process.

Measurement of individual components is also im-
portant in the design, testing, and production of thin-
film hybrid circuits. Components of interest include
resistors, capacitors, inductors, diodes, and transis-
tor junctions.

Measurements of low-value components are, of
course, subject to errors caused by parasitic reac-
tances such as stray capacitance and residual in-
ductance. To minimize these errors, the new HP Mo-
deI427LA 7-MHz LCR Meter [Fig. r) uses a four-pair
measurement technique: the interconnections be-
tween the instrument and the circuit under test are
four coaxial cables up to one meter long. Also, offset
adjustments are used to cancel stray capacitance and
conductance or residual inductance and resistance in
the test leads between the circuit under test and the
inputs to the coaxial cables.

The new LCR Meter typically makes five or more
readings per second at basic accuracies of 0.1% in ca-
pacitance measurements and O.2o/o in inductance,
resistance, and conductance measurements. Its read-
out is a four-digit light-emitting-diode display that
has 90% overrange capability. It displays capaci-
tance from 0,001 picofarad to 19.000 nanofarads, in-
ductance from 0.1 nanohenry to 1900.0 microhen-
ries, resistance from 0.001 ohm to 19.000 kilohms (or

conductance from 0.01 micromhos to 190.00 mill i-
mhos), and dissipation factors of capacitors or induc-
tors from 0.0001 to 1.6000.

Because it is intended for semiconductor measure-

ments, the test voltages and currents used by the new
LCR Meter are low. Capacitance test voltages are 20
mV and 500 mV rms. Inductance test currents are 5
mA to 2 pA.A remotely programmable dc bias
source provides 0 to 39.9 volts in 0.1V steps'

Options are avai lable for interfacing the
LCR Meter to HP calculators and computers'

Cover: Model 427 1 A Di gital
LCB Meter is well suited for
p rod u cti on measu re m e nts of
chip capacitors and other
components that are used
on thinJilm hybrid microcir-
cuits like the one pictured
here (it 's actually a large
photo of a microcircuit). Also

easily measured by the new LCR Meter are varac-
tor diodes, reed relays, delay lines, pulse trans-
formers, and many other components, discrete
and otherwise.

In this Issue:
An Automatic, Precision 1-MHz Digital
LCR Meter, by Kohichi Maeda Page 2

A Moderately Priced 20-MHz Pulse
Generator with 16-Volt Output, by
Gtinter Krauss and Rainer Eggert . . . page 10

Laboratory Notebook-Logar i thmic
Ampli f ier Accepfs 100 dB Signal
R a n g e  . . .  P a g e l 6

Versatile VHF Signal Generator Sfres-
ses Low Cost and Portabi l i tY, bY
Robert R. Hay . . Page 18

@ aEwLETI .FACKARD COtrPANY,  t914



How lt Works
The usual way to make precise high-resolution L,

C, and R measurements is the ac bridge method, one
arm of the bridge being the unknown and another
arm a standard. In an automatic digital ac bridge,
some form of digital-to-analog converter could be
used to adjust either the standard or the voltage
across the standard to balance the bridge.

For a 1-MHz instrument like the 4277A, this meth-
od has disadvantages. The need to compensate for
phase shift variations makes high-frequency digital-
to-analog converters complicated, costly, slow, and
of questionable reliability.

The method used in the 4277A is a combination of
an ac bridge method and a dual-slope digital volt-
meter technique. It eliminates the problem of phase
errors and results in a relatively simple circuit design.

The LCR Meter consists of a bridge section and
a measurement section. Fig. 2 is a block diagram of
the bridge section. In a C-G measurement, if the bridge

Flg. 1. Model 4271A LCR Metel
has a four-digit display with 907o
overrange. Basic accuracies are
+0.1"/" in C measurements and
+0.2% in L, R, and G measure-
ments. lt also measures dlssipa-
tion factots. AII measurements are
made at 1 MHz and atvery low test
signal levels.

is not balanced, an unbalance current i6 flows into
the current detector, which produces an error voltage
ea. This voltage is amplified, phase-detected, and
rectified to produce a dc voltage E, proportional to
the real part of e4 and a dc voltage E, proportional to
the imaginary part of e6.

The dc voltages E, and E, are then integrated. The
integrator outputs modulate two 1-MHz reference
signals to produce two 1-MHz signals el and ez cor-
responding to the real and imaginary parts of the error
voltage e6. These voltages are added in a summing
amplifier and applied to the standard resistor R,. This
applied voltage, ev, causes the current i4 to decrease.

When i6 becomes zero, ev remains constant and the
bridge, which is now balanced, automatically re-
mains balanced. Then

e u : - f i a r C * * G * ) e . R . r .

The L-R bridge works the same way as the C-G

le.(90') _Jl__ le,

Flg.2. Bridge section of the LCR Meter. Balancing is done automaticalty



bridge. However, the oscillator voltage is now ap-
plied to the standard resistor R, and the feedback vol-

tage is applied to the unknown impedance. At bal-

ance.

o : * R*)er/R,.

Measurement Section
In the measurement section, the dual-slope digit-

al voltmeter technique is used to measure the vector
ratio of e, and e,. Fig. 3 is a block diagram'

The C,/G" amplifier is a kind of phase shifter. When
56 is in its "on" position the voltage gain of this
circuit is koG. where ko is the current-to-voltage con-
version constant of the amplifier. When 56 is in its
"on" position the voltage gain is jrC.k". When Ss is
on, 56 is off and vice versa.

Phase detectors 1 and 2 rectify the amplifier output
synchronously with 0" and 90'phase reference sig-
nals derived from e.. The output of each'phase de-
tector is a dc voltage proportional to the component
of the amplifier output that is in phase with the cor-
responding phase reference signal. The two dc vol-

tages then charge and discharge the two integrators
according to the Iogic control signals as the dual-
slope analog-to-digital conversion proceeds.

At the start of a C measurenent, switch S. is open,
S, is closed, 56 and S*, are on, and Ss is off. Integrator
1 is charged for a constant period T1. The charge
stored during this time is

Qcr : -arGrRrcoC*e.T1

where the constant a, is the product of ko, the effi-
ciency of phase detector 1, and the integrating con-
stant of integrator 1.

Next S, closes, S' opens, 56 turns on, and 56 turns
off. S*, remains on. Integrator 1 is discharged until
its output is zero volts. If the discharge time is T2,
the charge dissipated is

Qcz : arorCrerTr'

Then, because Qcr : -Qcz,

C* : CrT2/(GrRrTl).

G" and G" Amplilier Integrator 1

Integrator 2

Phase Detector 2

On

offe(s,,

In C-G Measurcments,
e y : - ( l o C r + G J e r R B

In L-R Measurements,
e " = - ( j o L r + R , ) e / R e

Control Sagnals

s, sc sc sxl s,2

Clock Pulse

Transfer Pulse

Fig.3. Measurcment section uses the dual-slope integrating digital voltmeter technique.



R' Gs, C' and T, are selected so the unknown capaci-
tance can be measured directly by counting Tr.

A G measurement begins with switch S, closed,
S, open, 56 and S12 orr, and 56 off. The charge stored
during the charging period T, is

Qcr : -arGrRrG*e.T,

where the constant a2 is the product of ko, the effi-
ciency of phase detector 2, and the integrating con-
stant of integrator 2

During the discharge period S, closes, Su opens,
56 and S*2 are on, and 56 is off. When the output of
integrator 2 reaches zero volts after a time T. the
charge dissipated is

Qcz : arGre.T3.

But Q6t : -Q"r, ro

G* : T3/[R,T1).

R, and T, are selected so the unknown conductance
G* can be measured directly by counting T3.

L and R measurements are similar to C and G mea-
surements. The results are

L* : R.CrTz/(GsTl)

and

R* : R'T3/T1.

Dissipation factor measurements use both integ-
rators. To obtain the dissipation factor of a capacitor,
defined as

D* : G*/(alC*),

the sequence begins with S. closed, Su open, Ss and
S*, on, and 56 off .  Integrator 1 charges for a
time Tn, storing charge

Qc+ : arcrrCre.Tn.

Integrator 1 is then discharged with Su closed, S.
open, 56 and S*, on, and 56 off, until its output
reaches zero volts, S*2 is also on during this time, so
integrator 2 charges. If the time required to discharge
integrator 1 is.T5, the charge removed from integrator
1 i s

Qcs : -arG.orCrR.e.Tu

and the charge stored by integrator 2 is

Qcs : -arGrR.G*e.Tu.

Next, integrator 2 is discharged with S. closed, 56
and S* ,  on ,  and 56  o f f ,  un t i l  i t s  ou tpu t  be-
comes zero after a time Tu. The charge removed is

Qco : a2GrerTu.

Because Qc+ + Qcs : 0 : Qcs * Qco,

Tu : CrTa/(G.RrC*)

and

Tu : R'G*T5,

Therefore

T6 : C.G*T4/(GSC*)

: D*Ta/Dr.

C' G., and Tn are chosen so that D* can be measured
directly by counting Tu.

To measure the dissipation factor of an inductor,
defined as

D* : R*/(arL*),

the procedure is the same.
Notice that in all measurements-C,G,L,R, and

D-the constants a, and a2, which express the charac-
teristics of the Cr/G. amplifier, the phase detectors,
and the integrators, have nothing to do with the final
result. This is a major advantage of the dual-slope
technique.

Compensation Periods Added
Fig. a shows the switch positions and integrator

waveforms for various types of measurements, No-
tice that compensation periods are included in all
measurements. These are for cancelling phase errors
caused by variations in the phase relationships be-
tween the reference signals and the detected signals
at the two phase detectors. These errors, their effects
and the method of compensation are described in the
box on page 6.

Four-Pair Measurement Technique
The test terminal configuration is very important

in measurements of very low or very high impe-
dances. For example, in an ordinary two-terminal
measurement of a very high impedance, stray capaci-
tance to ground can cause serious errors. These can
be eliminated by surrounding the unknown with a
shield or guard, thereby making the measurement a
three-terminal one.



Phase Error Compensation
ln the measurement section ol lhe 4271A LCR Meter, phase

detectors are used to generate dc voltages proportional to the

real and imaginary parts ( in-phase and quadrature compo-
nents) of the signal at the inputs to the phase detectors To do

this precisely, it's necessary to maintain the precise phase rela-

tionship between the reference signal and the detected signal'

lf any phase error exists, the dc outputs of the phase detectors

differ Jrom their proper values
lf  the input signal is A + jB, and i f  there is phase error gr in the

real (0') branch of the circuit  and phase error 0z in the imaginary

(90") branch, the actual outputs A' and B'wil l  be related to the

correct outputs A and B bY

A ' : A c o s 0 r * B s i n 0 r
B ' : B c o s 0 z * A s i n 0 z

Notice that there are two types of errors, cosine and sine

Cosine error is not serious because it affects only the phase

detector efficiency, which has little to do with the final result
(see text, page 5).

Sine error, on the other hand, is very troublesome, especial ly

when one of the components is much larger than the other' This

error can make it difficult to make a precise measurement of the

dissipation factor of a low-D inductor or capacitor, the small
paral lel  capacitance of a resistor, or the small  series induc-

tance of a resistor As shown in Fig A for a C-G measurement,

the  er ro r  in  Tr ,  the  C*  read ing ,  i s  Drdz  and the  er ro r

in  T3 ,  the  G"  read ing ,  i s  d r lD" .  Thus ,  fo r  example ,  in  a

C - G  m e a s u r e m e n t w h e r e  D , : 0 . 1  a n d  0 r  =  0 z : 0 0 1  r a d i a n ,

the measured value of C" would be in error by 0.1% and the

C Measurement

Charglng Period

-G"R"(joC, + G,)e.

measured value of G^ would be in error by about 10%.
To mrnimize phase errors, compensation periods are added

Io Ihe 4271A measurement sequence Fig B shows how they
w o r k i n a C m e a s u r e m e n t

During the charging period T1, phase error causes the
charge accumulated by the C integrator to differ from the cor-
rect amount. The G integrator is also charged dunng T1, and a
compensation period equal to T3, the t ime required for dis-

charging the G integrator ( integrator 2) '  is added to the C meas-

urement sequence. During this t ime the phase error on the C in-

tegrator has approximately the same magnitude as that during
T,, but opposite polari ty The result is that the discharging per-

iod T2, which fol lows the compensation period' is in error by only
-0t02 lhe error no longer depends on D"

Also shown in Fig B is a compensated G measurement se-
q u e n c e  T h e  r e s u l t i n g  e r r o r  i n  T ,  i s  a l s o  - d r d z .  T h u s ,

i f  fu :  0z = 0.01 radian, the measurement errors would be

on ly  -0 .01% in  bo th  C^and G.  ins tead o f  01o/ "  and 10% as

they were in our uncompensated example.
Th is  method is  a lso  used to  compensate  L ,  R '  and D

measurements.

C Measurement with Compensation Period

Phase
Detector
Input

Charglng
Period

-GsRr$@Cr + Gx)e,

Compensatlon
Perlod

G"€,

Discharging
Period

joC"e,

0

lnterference error
(G.RcoCx0rTr )

-G"Tg

-Tr +T -Tz

C Integrator

G Integrator

ai (oC,GeRs + GsFeGrddTr - G302T3 - oC"T, = I

b: G3R5G1T1 + G"B6oCrT101 - G"T3 : g

From a and b, T2 : Cx(RsGJCsXl - 0r0z)Tr

G Measuremenl with Compensation Period

Phase Detector
Input

Discharging
Period

l@C6e.

Discharging Perlod

Gset

Phase
Detector
Input

C Integratol

G Integratol

oz <<1,
sin02: 6"

C Integrator 0

Phase Detector
Input

G3RsoCyTl + G"BsGrd2Tl : aCtTz

Therefore Tz : G,(G.RJC")(1 + Dx0dTr

G Measuremenl

Charglng Period

-G"R"fioC, + Gr)e.

Charging
Period

-G.R,(joC, + G,)e,

Compensation
Perlod

ioG"e.

Discharging
Period

G"e,

-aCsT2

0 G"Ta

T, T^ T^

0r  <<1 '
sin0l : d1

G Integrator 0

- T ,

GsRsGxTr + G3R"oCr01T1 : GsT3
Therefore T3 : G'R"(l + 9tlD)f t

Fig. A. C and G measurements with uncompensated phase
errors.

c: G"R"G'02T1 a oC'G5R6T1 - @CsT2 = 0

d: (G"R5oC'd1 + GsR"G')Tr - aCs01T2 - G"T3 = g

From c and d, T3 : Rscr(l - 9t9zlft

Fig. B. C and G measurements with phase-error com-
pensation periods

o



Period

Sv Closed

Sr Clo3od

sc On

S" On

f O ns"'so 
Ion

Integrator 1

Inlsgrator 2

Counler
Gaie

C/L Tlansfer
Pulse

G/B/O Transter
Pulse

G/R Measuremenl

Step e'
CharginS

e T o  =  D " T , + +Ta+

C/L MeaEurement

Flg. 4. Measurement sequence, showing the charge discharge dual-slope measurement
periods and compensation periods for cancelling phase errors

In very-low-impedance measurements, lead impe-
dances can seriously affect accuracy. To eliminate
lead-impedance errors, a four-terminal technique is
often used: current and voltage are measured by
separate pairs of leads. To eliminate the effects of
stray capacitance to ground a guard circuit may be
added, making a five-terminal configuration.

There is a further problem in very-low-impedance
measurements that is not solved by either the four-ter-
minal or the five-terminal configuration, and that is
the error caused by mutual inductance between the
current leads and the potential leads: the field gener-
ated by current in the current leads induces an error
voltage in the potential leads. This is sometimes
dealt with by twisting the current leads together or
maintaining the potential leads at a g0o angle from
the current leads. Neither of these methods is ade-
quate for the 4271A, which has a high resolution of
0.1 nH in inductance measurements.

The 4277A solution is to use four coaxial cables, as
shown in Fig. 5. Currents in the outer and inner con-
ductors of each cable have the same magnitude and
opposite polarities. Thus there are no fields outside
the cables and mutual inductance is not a problem.
The new LCR Meter can tolerate cables up to one
meter long without significant error.

Offset Adlustments
Some components, such as those on an IC chip, do

not lend themselves to four-pair connections. In
these measurements there will always be some stray
capacitance or residual inductance in the probe area
(see Fig. 6), To cancel these, the LCR Meter has front-
panel offset adjustments for C,G,L, and R.

Offset adjustments of residual inductance and re-
sistance are essential in measurements of low imped-
ances such as high value capacitors, low-value in-
ductors, and low-value resistors. Similarly, offset ad-
justments of stray capacitance and conductance are
essential in measurements of high impedances such
as low-value capacitors, high-value inductors, and
high-value resistors.

A special advantage of the multifunction 4277Ais
the ability to make L-R offset adjustments in C-G mea-
surements and C-G offset adjustments in L-R mea-
surements, Fig. 6 shows how much influence resid-
ual inductance and resistance and stray capacitance
and conductance have on C-G and L-R measure-
ments, respectively, These errors can be minimized
by offset adjustments,

For example, in a high-capacitance measurement,
an L-R measurement can first be made on a short cir-
cuit and the offset controls adjusted so the L and R



Potentlal Leads

Fig. 5'  Four-pair measurement technique uses coaxial

cabtes for cutrent and potentiat leads, eliminating mutual in-

ductance that causes errors

displays read zero. Then the unknown capacitor can

be measured accurately in a C-G measurement'

Inductance Standard Not Needed
Another advantage of the multifunction 4277n^ is

that it can be calibrated to make precise inductance

measurements using precision standard capacitors'

which are considerably better than available induc-

tance standards. As Fig. 2 shows, the only difference

between a C-G measurement and an L-R measure-

ment is the way the unknown and the standard resis-

tor R, are connected' Thus if R, and the measurement

section are calibrated using standard capacitors, L-R

measurements are also calibrated except for the error

caused by changing the connections of R. and the un-

known. thit it a constant systematic error that can be

determined for a given instrument and corrected for'

thereby making L-R measurements as precise as C-G

measurements.

Accessories
Several accessories are available for the Model

4271A Digital LCR Meter,
Model taozz{' Test Fixture is a general-purpose

fixture for connecting unknowns to the 4277A' The

fixture is supplied with inserts for both vertical and

axial lead connections.
Model 16021,{ Test Fixture is used to calibrate the

4271,Awith a standard capacitor or a standard resistor

that has a GR-900 connector.
Model 16032A Test Leads (with BNC connectors)

are used for connecting the 4277A to a four-terminal

device or user-manufactured test fixture that has

BNC connectors.

Fig,6. When probes are used to measure lC components'

piasitic L and C in the probe sectlon influence the measure-
'ments. 

The 4271A LCR Meter has offset adiustments to mini-

mize these errors

Four Palr
Configuratlon
Sectlon (doos
not have error)

Integrated
Circuit

lnf luence of  Residual  Inductance
and Resistance in C-G Measurement

cJ = c,(1 + o2loCr - 2RoGr- LoGr2/C')

Gi = Gr(l + 2o2Locr - RoGx + r2Rocr',lcr)

When Lo = 0.1 pH, Ro : 0'1o, Cx : 10 nF' G' = lfi! mU'

error in G,i i3 minus 8"/o and eilot In Gi ls plus 7%'

Influence of Stray Capacitance and
Conductance in L-B Measuremenl

LJ : Lx(1 - 2GoR' + @zcolx - coR'2/L')

R; = R,(1 - GoR, + 2a2coL'+ ozL'2GJRr)

When Co : 0.5 pF, Go = 1 rrU, Rx = 10 ko' L' = 1 mH'

error in Li ls minus 5o/o and eftor in R; is plus 3o/''



Model 16033A Test Leads (with small coaxial con-
nectors)are used for connecting the 4277A unknown
terminals to a sample to be measured.

Model 16023A DC Bias Controller is used to control
the internal bias source provided by Model 42zIA
Option 001.
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Range Capacitance Conductance
ursstPalton

Factor'

Fu l l
Scale

Display

I 10 000 pF
100 00 pF
1000 0 pF
10 000 nF

1 0000 0 pU
'lO 000 mU
100 00 m(J

1 0000

't-4 901" 90./. 600/

counts

B A S I C  S P E C I F I C A T I O N S
HP Model 4271A LCR Meter

Capacitance Measurement
FULL SCALE RANGES:

OFFSET RANGE:
CAPACITANCE:1  pF
CONDUCTANCE:1 ar(I

FREQUENCY: 1 MHz t0 01ol.
CAPACITANCE ACCURACY:
aange Test Sig Level High

t(o/" of reading + counts)
Test Sig Level Low

t(% of reading + counts)
I

4

o  1 + 7
0 . 1 + 3
0  1 + 3
0 4+3

O2+4
0 2+3
0 4+3

;ONDUCIANCE A
Range Test Sig Level High

t(7o of readinq + coun
Test Sig L6vel Low

t(% of reading + counts)
1
t

3,4

0  2+(7+NC/1000)
0.2 + (3 +NC/1000)
1 2+(2+2NC/1000)

o  3+(7+2NC/1000)
0 3+(3+2NC/1000)
1 2+(2+2NC/1000)

Range Test Sl9 Level High
t(% ot reading + counts)

Test Sig Level Low
t(o/o of reading + counts)

1
2 ,3
4

1 0+(10+20,000iNc)
1  0+(10+10,000/Nc)
1 0+(15+30,000/Nc)

r u+(r5+3u,0o0/Nc)
1  0+(15+20,000/Nc)
r 0+(15+30,000/Nc)

Accuracy

lnductance Measurement
FULL SCALE RANGES:

OFFSET RANGE:
INDUCTANCE: 100 nH
RESISTANCE: 100 mO

FREOUENCY:  1  MHz aO O1%
INDUCTANCE ACCURACY:

Range Test Sig Level High
t(o/o of readinq + counts)

Test Sig Level Low
a(% of reading + counts)

1
2 a

4

1 0 (20 30,000/NL)
1  0+(15+10,000/NL)
1 0 ( 1 s 20,000/NL)

1 0+(20+30,000/NL)
1 0+(20+20,000/NL)
1 0+('15 +30,000/NL)

on Range 4, Test sig Level is Low only on Bange 1, Test sig Levet is Low only
Nc is capacitance readout in counts NL is inductance readout in counts

General
MEASURING SPEED DATA oUTPUT AND REMoTE PRoGRAMMING INPUT: see data sheet

FIXED RANGE: 100 ms to 250 ms in C-G and L-R measurements 160 ms to OPERAT|NG TEMPERATURE: O.C to SO.C
400 ms in C-D and L-D measurements POWER: 1OO/120/22O:24OV !10o/",48-66 Hz. BO vA max

AUTORANGE: 100 ms/range step added to above values DIMENSIONS: g-15132"x163/a"x'tg-9/16"(B9x425x49gmm)
DC BIAS VOLTAGE WEtcHT: net, 22 tbs (10 kg)

INTERNAL: optionally provided, variable from 000 V lo 399 V in steps of pRtCE tN U.S.A.: 4271A1MHz Digitat LCR Meter, g45OO
O 1 V, con1Tol|ed by HP calculators, HP computers or HP 160234 DC Bias MANUFAGTURING DIvtsIoN: YoKoGAWA HEWLETT-PAoKARD LTD
Controller g-1 Takakura-cho

EXTERNAL: inpul connector is provided on the rear panel, 1200 V maximum Hachioji-shi
MONITOR: torminal on rear panel Tokyo 192, Japan

Range Inductance Resistance
urssrpalton

Factor'

Full
Scale

Display

1
2
3

1000 0 nH
10 000 pH
1 00 00 arH
1000 0 pH

't0 000tt
1 00 00{)
1000 0r)

r0 000 ko

1 0000

Over-
ranqe

1-4 90"/o 90/o 60%
'When more lnan counts

Range Test Sig Level High
t(o/. of reading + counts)

Tesl slg Level
1(% of reading +

Low
counts)

I

3,4

I  U + ] 5
0  6+4
o 2+4

l 0 1 5

0 6+6
0  3 + 6

RESISTANCE ACCURACY:
Range Tesl Sig Level High

a(% of reading + counts)
Test slg Level Low

t(% of reading + counts)

3,4

1  2+(E+2NU1000)
1 2+(2+2NL/1000)
0  2+(2+2NU1000)

1  2+(8+2NU1000)
1 2+(2+2NL/1000)
0  3+(2+2NL/1000)



A Moderately Priced 2o-MHz Pulse

Generator with 16-Volt OutPut
suitabte for general-purpose use, lhis instrumenf a/so nas

the putse aiptitude' needed for driving the newer cMos

circuits.

by GUnter Krauss and Rainer Eggert

Nowadays, the pulse generator assumes increas-

ing importance among the basic test instruments as

tlJ n." of digital circuits spreadsto an ever-broaden-

ing range of applications' The pulse generator is use-

f,riu, ior.rce of variable-rate clock pulses and gat-

ing signals for testing these circuits'

Fig.1. Model 801 1 A Pulse Genera
tor produces 76-volt  Pulses at

repetition rates uP to 20 MHz. lt
has  conven ien t  Pushbut ton
ope(ation.

PULSE WIOTH {3],," ,, ," ,,.,,i lvi-,

AMPI  ITUO€ IV I

{lltt ao"o ,  un ,  a r "  ^ ,n  

'

tIts

;;
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Fig.2. Oscillograms show various modes of operation of Model 801 1A Pulse Generator. From
the leftthese are (a)positive-going, (b) positive-complementary, (c)symmetrical, and (d)nega-
tive square wave. The center CRT graticule line represents ground potential in all photos. (Oscil-

/oscope sweep time is 2 pslcm and vertical deflection factor is 5 voltslcm )

put of 16 volts, and this can be a positive-going pulse
train, a negative-going pulse train or symmetrical
pulses (baseline at -8V, pulse top at *8V, or vice ver-
sa). Having a range of pulse amplitudes from +-0.25 V
up to -r16 V, this instrument can be used to test de-
signs involving CMOS circuits as well as TTL, HTL,
and HNIL logic families that use either positive or neg-
ative power supplies. The relatively large pulse am-
plitude is also useful for testing operational ampli-
fiers and other analog circuits.

Amplitude with Speed
Pulses can be obtained at any repetition rate up to

2O MHz, enabling the broad range of digital circuits
to be driven at their operational speed. The instru-
ment has an internal rate generator that has a range of
O,lHz to 20 MHz. It can also work with external trig-
gers. A front-panel pushbutton or the external trigger

input can be used for single pulses.
The 16-volt amplitude can be obtained across a

50-ohm load, the instrument being capable of supply-
ing up to 320 mA into any load of 50 ohms or less,
even a short circuit, from a high source impedance.

A switchable 50-ohm termination is provided for
those cases where pulse energy reflected back into
the instrument would cause pulse distortion unless
absorbed by the internal termination. This arrange-
ment gives a maximum pulse amplitude of 8 volts
when driving a 50-ohm load, or up to 16 volts with a
high-impedance load. Whenever the instrument is
switched to amplitude ranges below 4 volts, the
50-ohm termination is automatically switched in.

Pulse transition times are fixed at less than 10 ns in
all modes of operation. The pulse baseline is at
ground, except in the symmetrical mode (Fig. 2). The
instrument can also operate in the pulse complement

E$| '{t

Fig. 3. Model 801 1A Pulse Gen-
erator fitted with counted-burst
option
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mode; the pulse is then inverted but amplitude and
polarity remain the same. This permits simple con-
version from a positive logic convention to a nega-
tive logic convention ot vice-versa.

The range of pulse widths is from 25 ns to 100 ms.
Wider pulse widths can be achieved by using the
pulse complement mode or the squarewave mode,
which gives a pulse width of one half the pulse
period at all repetit ion rates up to 10 MHz.

Provisions for pulse delay, variable dc offset, and
gated operation were omitted to keep the price as low
as possib le.  However,  avai lable as an opt ion is
"counted burst" operation, similar to that available
with the Model s015A Pulse Generator.l This en-
ables the Model 8011A to deliver a defined number
of pulses to the load upon receipt of a trigger, the
number of pulses-up to 9999-being selected by a
4-decade thumbwheel switch (Fig. 3). The burst may
also be init iated by pressing the manual pushbutton.
Unlike the more familiar gated mode of operation,
the number of pulses delivered is always the selected
number regardless of any changes in pulse repetit ion
rate, whether deliberate or incurred as a result of
period jitter.

One of the useful characteristics of the counted-
burst mode is that following the burst, additional sin-
gle pulses can be generated with the front-panel
pushbutton (Fie.  l. With this arrangement, a digital
processor can be clocked rapidly to a particular step
with the counted burst, and then stepped along one
clock at a time with the pushbutton, allowing the de-
signer time to check the states of the processor.

Inner Workings
A block diagram of the new pulse generator is

shown in Fig. 5. It follows traditional practice in that
a rate generator that is either self-triggered or exter-
nally triggered supplies pulses to a width generator
that in turn drives an output stage.

Fig.4. With counted-burst option, a predetermined number
olpulses is generated Additional singlepulses can be added
t tnrler nt tqhhrtttnn .Ontfol

If the instrument is equipped and operating with
the optional burst mode, the rate generator is inhib-
ited by the burst-control circuit. An input trigger ini-
tiates a burst by causing the burst control to enable
the rate generator. The burst control has a counter
that is preset to the number selected on the front-
panel and decremented by the output of the rate gen-
erator. When its count reaches zero, iI disables the
rate generator terminating the burst.

The width generator is the basic pulse-forming cir-
cuit. Its output is inverted for negative-going pulses
or for the complement of positive pulses. In the
squarewave mode, the width generator is used as the
source of trigger pulses for a flip-flop (divider) that
generates square waves at one-half the rate generator
frequency. The selector, actually a group of gates, se-
lects the appropriate signal for the output amplifier
and also for the output trigger generator.

The output trigger generator supplies constant
amplitude, constant width, positive-going pulses
(1 volt high, 20 ns wide) to external circuits. It pro-

Fig. 5. Simplified block diagram
of Model 8011A Pulse Generatol

Counted Burst Option
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+14V

Fig.6, Floating circuit ground is biased with respect to chas-
sis ground, enabling the use of low voltage circuits to gener-
ate large pulses of either polarity

duces one trigger for each pulse generated by the
width circuit, except in the squarewave mode when it
generates one trigger for every complete squarewave
cycle (one trigger pulse for every two rate generator
pulses).

Switched Grounds
A key factor in making possible the generation of

either positive or negative 16-volt pulses with mini-
mum cost was the use of a floating ground for all cir-
cuits except those concerned with the front-panel
connectors. The circuits were designed to operate
with +14V and -t+V power supplies and the output
stage has a push-pull configuration that swings the
output waveform between -8V and *8V with re-
spect to the floating ground.

As shown in Fig. 6, circuit ground connects direct-
ly to chassis ground when the instrument is in the
symmetrical mode but it is offset *8.3V in the posi-
tive mode or -8.3V in the negative mode. In either of
these modes, offset current is added to the output to
fix the pulse baseline precisely at chassis ground. It
is thus possible to derive *16V or -16V pulses using
a -r14V power supply, reducing overall power dissi-
pation and, in keeping with the design philosophy,
allowing lower cost, low-voltage transistors to be
used.

The use of the floating power supply dictated the
choice of circuits associated with the front-panel con-
nectors. External triggers are fed to a Schmitt trigger
that has its transistor bases referenced to chassis
ground, but the circuit output is taken from a collec-
tor connected to the +14V supply through a resistive
Ioad. Switching the floating ground with respect to
the chassis ground affects only the collector-base

bias, and this has relatively minor effect on circuit
performance.

Similarly, the trigger output is taken from a cas-
code circuit that has its load resistor returned to chas-
sis ground while the remaining elements of the cir-
cuit are referenced to the floating ground. Here
again, switching the floating ground affects only the
collector-base bias of the output transistor, with little
effect on circuit performance. Normally, the circuit
is cut off, so the trigger output rests at chassis ground
between pulses.

Wide-Range Rate Generator
The rate generator is a ramp generator that uses a

constant-current source to charge a capacitor. A cur-
rent switch discharges the capacitor when it reaches
a particular amplitude, starting a new cycle. The dis-
charge is initiated by a Schmitt trigger circuit that re-
sponds to the ramp amplitude. The puls,e period
range is selected by switching capacitors. Vernier
control is obtained by adjusting the magnitude of the
constant current.

Low repetition rates, useful for subsonic work or
for incremental stepping of a digital circuit, present
problems to this type of rate generator. The leakage
current of a capacitor large enough for a 10-second
pulse period would be an appreciable part of the
charging current. This would cause ramp nonlineari-
ties and timing instabilities. Reducing the charging
current to permit use of a smaller capacitor is not a
satisfactory solution because other leakage currents
would then be comparable to the charging current.

This problem was surmounted by using a "capaci-
tance multiplying" technique* when the instrument
-Developed Ior the HP Model 3310A Function Generator by Stephen B Venzke of HP's Loveland
Division

Fig.7. Rate generator uses a capacitance-multiplying tech-
nique to extend the range of the s/owesf repetition rate
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is switched to the longest pulse period range. This
circuit, shown in the diagram of Fig. 7, withdraws
98% of the charging current but in so doing it reduces
proportionally the effects of any leakage currents.

With reference to Fig. 7 , current is drawn off
through resistor R1, which is connected around the
operational amplifier in a bootstrap configuration
that maintains a constant voltage across R1. The vol-
tage maintained, however, is adjusted by the differen-
tiating action of capacitor C2 and resistor R2. Be-
cause of the differentiating action, the voltage at the
amplifier's inverting input is affected by the slope of
the ramp, and this adjusts the voltage across RL to
maintain ramp linearity.

It can be shown (see appendix) that the current ra-
tio is:

i "
- :  ( K
l 1

where K is the gain of the slope amplifier. In the

Model 8011A, circuit constants were chosen to make

i, = 54ir, so the charging current ir is 1/55 of I, the
constant current. Thus, with respect to the constant-
current source, capacitor C1 seems to be 55 times as
large as it actually is and any leakage currents that
add to or subtract from I are reduced by a factor of 55.

Capacitor C2 charges during the ramp so it must be
discharged at the time the ramp resets. During reset,
a low- impedance d ischarge path is  prov ided by
diode D1.

When the instrument is operated with externally
supplied triggers, the ramp charging current is dis-
connected. The Schmitt tr igger circuit then serves to
generate uniform triggers in response to positive-
going input signals.

The width generator is also a ramp generator but it
uses a flip-flop to control the discharge switch. A trig-
ger sets the fl ip-flop, init iating a new ramp. When
the ramp voltage reaches the turn-off level, it resets
the flip-flop, terminating the ramp. The rectangular
output of the fl ip-flop is used to drive the output
stage.

The Shape of Things
Total instrument power dissipation was kept be-

low 70 W by the economical use of the internal
power supplies. Thus, sufficient radiating surface, to
keep internal heat at a reasonable level, can be ob-
tained with a half-rack module. The package size pro-
vides room for all circuits to be on one double-sided
board, reducing test and assembly time (Fig. 8).
Hand wiring is needed only to connect the front-
panel potentiometers and the ac input line. The board
can be tested by automatic means before final assem-
blv.

. C 2  R 2
1 ) c 1 x R 1

Fig.8. All components, including the pushbutton swtches,
power transformer, fuses, and ac voltage selector swtches,
are contained on a sinole Drinted-circuit board
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Appendix
A Capaci tance Mult iPl ier

Curren t  I  l rom a  cons tan t -cur ren t  source  is  par t i t ioned in to  cur -

ren ts  i r  and i2 ,  as  ind ica ted  in  the  d iagram

I t  w i l l  be  shown here  tha t  the  ra t io  o f  i2  to  i r  i s  a  func t ion  o f  the

c i rcu i t  cons tan ts  C|  c2 ,  R |  Rz  and K.
dv .

F i rs t  o f  a l l ,  i ,  =  C,  - .' d t

The vo l tage V2 a t  the  ou tpu t  o f  the  s lope ampl i f ie r  i s  KVI  so

ou, = ^ lr,
dt dt

Now,  because feedback  th rough F t ,  causes  the  negat ive  input  o t

the  opera t iona l  ampl i f ie r  to  t rack  the  pos i t i ve  input ,  the  s lope o f  the

vo l tage across  capac i to r  C2 is :
dv2  -  dvr  

o ,  114 -  11  
d l / '

d t  d t  d t
d v .

The cur ren t  i3  in to  capac i to r  c2  thus  equa ls  c ,  (K  -  1 )  
*  

.  By

insDect ion ,  i l  i s  seen tha t  the  opera t iona l  ampl i t ie r  ou tpu t  vo l tage,

V3,  equa ls  V ,  -  i rR ,  o r ,
d v .

Vr = V, - Cz (K - l) ----l Rz.

We can now determine the  cur ren t  i?  wh ich  is  (Vr  -  V3) /Rr  o r '

R l

Thus ,  the  ra t io  o f  i2  to  i r  i s :
dv ,

c , ( K  -  1 ) r R ' ?

u-  h .
= (K - 1)___i_ x --a'  ' c ,  

R l

( ln  the  Mode l  8011A Pu lse  Genera tor ,  R ,  i s  in  para l le l  w i th  a  d iode
that becomes forward-biased during ramp reset, reducing the effective
magn i tude o f  Rr . )

- SteDhen B. Venzke

Slope

S P E C I F I C A T I O N S
HP Model 8011A Pulse Generator

Pulse Characteristacs

TRANSITION TIMES: <10ns fixed

OVERSHOOT, RINGING ANO PRESHOOT: <15% of pulse amplitude May in-

crease to 1O7o at countetrclockwise position ol amplitude vernier

PULSE WIDTH: 25ns to lOOms in lour ranges Vernier provides continuous ad-

iustment within each range
WIDTH JITTER: <0 1olo + 50ps of any width setting

MAXIMUM DUTY CYCLE: >50% (100'/. using pulse complement)

MAXIMUM OUTPUT:8V with 5OO source and load impedances 16V, with inter-

nal 50 ohms and external high impedance or, with internal high impedance and

e)dernal 50O
ATTENUATOR: ihreestep attenuator provides ranges 0 25V - 1 V - 4V - 1 6V Ver

nier Drovides continuous adjustment within each range.

SOURCE IMPEDANCE:0.25V -' lV - 4V ranges,50 ohms t 10% shunted by30pF

4V - 16V range,50 ohms or high impedance switch selectable

POLARITY: positive, negative or symmetrical, switch selectable

FORMAT: normal or complement, switch selectable.

Repetition Rate and Trigger
REPETfTfON RATE: 0 1 Hz lo 20 MHz in 5 ranges Vernier provides continuous

adjustment within each range
PERfOO JITTEB: < O 11o + 50ps ol any period setting

SOUARE WAVE: 0 05 Hz to 10 MHz
TRIGGER OUTPUT: dc-coupled 50-ohm (typ) source delivering > +'lV across

50-ohm load.
TRIGGEF PULSE WIDTH:20ns t lons

Externally Controlled Operation
EXTERNAL INPUT

TRIGGER POLARITY: Positive
SENSITIVITY: 1V
MAXIMUM INPUT: t5V.

INPUT IMPEDANCE: 50 ohms
MANUAL: front panel pushbutton for generating single pulse

EXTERNAL TRIGGERING
REPETITION BATE: 0 to 20 MHz In square wave, oulput frequency is half of in-

put frequency
TRIGGER SOURCE: manual or extetnal signal Minimum external signal width'

10ns
PULSE BURST MODE (Option oo1): preselected number of pulses generated

on receipt of trigger
BURST TRIGGER SOUBCE: external signal or manual Minimum external sig-

na l  w id th ,25ns

General
OPERATING TEMPERATURE RANGE: 0"C to 55'C

POWER: 1 OOV, 12OV ,22OV ot 240V, +51o, -'loo/o 48 Hz to 440 Hz, 70 VA max

WEIGHT: I lbs (4 kg)
D f M E N S f O N S : 7 9 i n  W  x  5 6 i n  H  x  1 1 8 i n  D  ( 2 O O  x 1 4 2  x  3 0 0 m m )

PRICES lN U.S,A.:-
8011A, Pulse Generator, $435
Pulse Burst Option (001), add $300

MANUFACTURING DlvlslON: Hewlett-Packard GmbH
Herrenberger Strasse 1 l0
D-7030 Boblingen, Wurtemberg
Germanv
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Loboratorv Notebook

Logarithmic Amplifier Accepts 100-dB Signal Range.

In numerous meosurement s i tuqt jons-swept- f requency
tests of filter response, for example{he signol level moy
chonge rother obruptly. To occommodate o wide omplitude
ronge when moking plots of frequency response, the detector
often works with a logarithmic omplif.ier so iow omplitude
regions con be exponded to disclose detail. At the some time,
high-omplitude levels ore compressed to prevent the re.loted
recorder or disp.loy device from being driven off scale.

Even so, the omplitude ronge thot con be occommodatedby
such on orrongment hos commonly been 4O-60d8, with S0dB
being something of a special ochjevement. But now, with the
growing sophisticotion of hybrid thin-film and monolithic inte-
grated circuit technologies, it is possible to design a logarith-
mic ompiifier with on input ronge of over 7O0 dB, ond build it
of modest cost.

This omplifier mokes use of the exponentiol voltoge-current
relotionship of o tronsistor, os shown in Fig. A. With the input
voltage plotted on a logarithmic [dBJ scole, the tronsfer curve
is reosonobly linear over on input omplitude range of -38 to
-25 dBV.

Twelve differcntiol pairs of the type shown in Fig. A are
used with their outputs connected to o common output but
with their inputs driven from seporote tops on on ottenuotor-
omplifier ladder, os shown in Fig. B. At any signol leve.l, one
differential poir is in its lineor ronge while those ot h igher )evel

e

Fig. A. Voltage-current transfet curve of a
single differential pait ampilfiet stage is
reasonably linear over a 10-dB range when
the input is plotted in dB units

dB
+.4

+.2

! o
r

- .2

-40 -s0 -60
Input Level
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o

1 6

o



o

o

Input
1OpV . . . . 10V  P -P

Total Gain=

E ternal shaping network

Fig.  B.

tops ore soturoted ond those at lower level tops ore for all ptac-

tical purposes cut off , As the signol grows .lorger the differen-

tial poir on the next lower top moves into its lineor ronge os the
poir on the current.ly active tap soturotes.

Although the bosic concept is not new, it required the new

technologies to obtoin accurocy over such o wide omplitude
range. All the differcntiol poirs orefobricoted on one mono.lith-
ic chip, ossuring good stage motching. A computer-controlled
loser trims the thin-film resistors on the hybrid substrote to os-
sure occurote 10-dB steps in the ottenuotor'amplifier lodder.

Typical linearity is shown in Fig. C. Compensotion for the
non-lineor chorocteristics of o detector or other device can be

obtoined by addinga shoping network, olso shown in Fig. B, to
olter the tronsfer chorocteristics of individuol stoges.

This log omplifier is used in the Model 3570,{ NetworkAno-

lyzett ond the Model 8755A Frequency-Response Meosuring

set,2Much helpful advice was providedby HugoVifian of HP's

Sonto Roso Division, proiect leader for the 8755A, ond Poul
Thomos of th e Lov elondlnstru ment Divisi on, onol og circuit de-
signer for thd Model 3570A.

-Robert Ieremiasen
Lovelond Instrument Division

Log Output
.65... .11.9mA
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Versatile VHF Signal Generator Stresses
Low Gost and Portability
This high-quality, reliable instrumentfits the budget and the
performance needs of a variety o/ users.

by Robert R. Hay

C IGNAL GENBRATORS ARE AMONG the elec-
tJ tronics industry's most fundamental and widely

used instruments, 5o varied are their applications
that no single instrument can meet the needs of all
users. For example, to characterize linear networks a
signal generator must have high power, good flat-
ness, and rapid tuning. To test narrowband receivers
it must have a well calibrated, extremely low-level
output signal (often less than 10-15 watts), along
with low RF leakage, good stability, high-resolution
tuning, and versatile modulation capabilities. A sig-
nal generator used as a Iocal oscillator in a hetero-

dyne system must deliver moderate power (typically
ten milliwatts) and have good settability, freedom
from spurious signals, and good stability. If the same
instrument is used for more than one application it
needs some combination of these characteristics.

To meet the requirements of as many users as pos-
sible, HP has developed a line of general-purpose sig-
nal generators that have varying degrees of preci-
sion, stability, modulation capability, and other im-
portant characteristics. These are offered at prices
commensurate with their abilities, Two of these
generators, Models 8660 and 8640, have been de-

.lhj! 
1"'i.1f':xilHt 

otntt^tot 'n-tto nn'

\

{F.
I '
\ 68)

Flg. 1. Model 86544 is a com-
pact, low-cost, so/ld-state slgna/
genera tor  tha t  p rov ides  au to-
matically leveled power from t10
to -130 dBm over a frequency
range of 10 to 520 MHz Ampli-
tude and frequency modulation
are  independent  and can be
internal or external.
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scribed previously in these pages.l'2'3'4
Model8654A [Fig. r), the latest in this line of signal

generators, is the lowest-priced instrument in the ser-
ies. Whereas the other generators were designed for
applications that call for extreme precision, perfor-
mance, and versatility, Model 8654A is designed
with emphasis on lower cost and greater portability.
Thus it is expected that the 8654A will be most use-
ful for service and production applications, whereas
the other generators may be better suited for applica-
tions in the laboratory and in automated and preci-
sion production testing.

Model 8654A provides calibrated output and versa-
tile modulation capabilities for testing receivers,
amplifiers, antennas, and filter networks over a car-

Flg. 2. Worst-c ase drift of ten typi-
cal 86 54 A o r odu cti on i nstru m ents

rier frequency range of to to 52o MHz Effective RF
shielding and wide output range permit receiver sen-
sitivity measurements to be made down to levels of
0.1 s,V.

Internal oscillators provide either amplitude mo-
dulation or frequency modulation at 400 Hz or 1000
Hz. An external modulation signal from a conven-
tional audio oscillator may also be used. The front-
panel meter indicates amplitude modulation percen-
tage.

Carrier output power is automatically leveled and
is typically accurate within -r1.5 dB over the entire
frequency range.* The power level is variable over a
*Level accuacy efiot consists of allowances lor meter accuracy, detector linearity, temperature, flaF

ness, attenuator accuracy, and twice the measurement error The tigure given here is typical Specifi-
calions are more conservative (see paoe 24)

F19.3. Typical 86544 SSB signal-
to-noise ratio. Total noise power
relative to carrier power in a 1-Hz
bandwidth 20 kHzfrom the carrier.
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FM
Input

AM
Input

Frequency Level

Flg.4' S6544simplifiedblockdiagtam.Heavylinesshowthemajorshieldingrequiredtoassure
low RF leakage and low incidental FM, The oscillator is tuned over its lOio-S27-MHz range by

means of a variable capacitor and six fixed bandswitched inductors

range of 140 dB. The front-panel meter displays the
output power in dBm and volts.

An auxiliary uncalibrated RF output is also avail-
able at the rear panel for use with a counter or other ex-
ternal equipment. Auxiliary output level is typically
greater than -Z dBm.

The 86544 has a specified stability of t kHz plus
O.OO2o/o of carrier frequency per S-minute operating
period after a two-hour warmup. It will typically re-
cover specified stability within 5 minutes following
a frequency change. Typical drift performance of pro-
duction instruments is shown in Fig. 2.

Harmonic distortion is more than 20 dB below the
carrier, Residual AM is more than Z0 dB below the
carrier and residual FM is less than 0.5 ppm, both in a
post-detection bandwidth of 0.3 to 3 kHz.

Important in receiver measurements is the signal-
to-noise power ratio in a I-Hz bandwidth 2O kHz
away from the carrier, This is shown in Fig. 3 for a ty-
pical instrument. (See page 2I for a discussion of
noise specifications and their significance,)

Design Approach
Des ign ing  a  low-cos t  ins t rument  requ i res  a

number of decisions regarding the value of various
features to the user. Inevitably, such an instrument
will not be able to fulfill all needs. but it must be a

high-quality, reliable instrument that will provide
high value to the user who is willing to sacrifice
some degree of precision and performance in ex-
change for lower cost and greater portability.

To assure high reliability, the 8654's components
are all solid-state, To provide economy and good per-
formance, liberal use is made of Hewlett-packard
microwave transistors packaged for mounting on
economical standard printed circuit boards.

The block diagram of the 86S4A is shown in Fig, 4.
The carrier signal is generated by the RF oscillator.
The buffer amplifier, which has nearly unity gain,
serves to isolate the oscillator from the modulator. A
feedback loop consisting of the PIN diode modula-
tor, the output amplifier, and the ALC amplifier con-
trols the output level. The 10 dB step attenuator pro-
vides attenuation over a 120-dB range in 12 steps. To
control the output level between the 1O-dB steps, the
ALC loop prov ides  fo r  more  than 10  dB o f
continuously adjustable level variation.

Frequency modulation capability is provided by
varactor diodes in parallel with the main tuning capa-
citor. These may be driven either by the internal au-
dio oscillator or by an external input.

Amplitude modulation is achieved by varying the
voltage supplied to the output-level vernier potentio-
meter. In this way the audio modulation signal is
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Specifying Signal Generator Noise

Total carrier noise power is the sum of angular (phase or f re-
quency) noise modulation and amplitude noise moduiation
These two types of noise tend to be independent, and their ef-
fects on the system are generally different For many signal
generators, phase noise varies with the carrier frequency and
amolitude noise varres with the carr ier level.

We can classify noise as either ampli tude f luctuations or
phase f luctuations and according to the rate at which i t  occurs.
Phase f luctuations can be characterized as ei lher phase noise
or frequency noise. In most cases it is easy to convert from one
characterization to the other

Drift
Noise at frequencies below the lowest information rate is

generally characterized in the time domain as drift rate, rather
than in the frequency domain as power spectral density. Fre-
quency-domain measurements at these subaudio f requencies
are rarely of much value and, because of the high resolution re-
quired, are difficult to make accurately. Drift rate, on the other
hand, is a meaningful characterist ic, for example to a user who
is making a measurement for a short period of time on a narrow-
band receiver. Drift is generally specified in Hertz or parts per
mil l ion (or a combination of both, as for the 8654A) per 5 or 10
minutes. For some applications, dri f t  may also be specif ied for
a period of one day or longer Fig.2, page 19, shows typical
86544 drift oerfomance.

Residual AM and FM
Noise within the information bandwidth is added to the infor-

mation when the carr ier is demodulated l t  must be character-
ized as noise power from a demodulator equivalent to that be-
ing used in the communication system being tested. Conse-
quently, i t  js important to specity both the ampli tude noise and
the angular noise that occurs at rates within the information
bandwidth. For many applications, this is best done by describ-
ing the power spectral density of the residual ampli tude noise
and the residual frequency noise (residual AM and FM). 8654A
residual AM and FM are specif ied as maximum noise power (re-
lative to carrier power) in two post-detection bandwidths: 0.3 to
3 kHz and 50 Hz to 15 kHz The narrower bandwidth coincides
with that of many voice communications systems and the wider
bandwidth with the audio range

While this frequency-domain descript ion is probably the
most useful one, there are appl icat ions in which t ime-domain

characterization of the noise is more appropriate. This is true for
systems that perform time-domain analyses of the signals they
receive. Such systems rnclude Doppler radar systems and
pulse-code-modulat ion and t ime-division-mult iplexed sys-
tems These systems tend to be very special ized, so i t  is al l  but
impossible to provide any t ime-domain stat ist ical noise charac-
terization that meets the needs of all users. Fortunately, be-
cause of the predictabi l i ty of the noise mechanism of most osci l-
lators, there is a correlat ion between the frequency-domain
noise power spectral density and most time-domain noise sta-
tistics

SSB Signal-to-Noise Ratio
Noise at rates higher than the information bandwidth is an im-

portant problem because it delivers power to the adjacent
bands of a communication system When signal generators are
used to measure a receiver's select ivi ty, rntermodulat ion, and
cross-modulation disto(ion, erroneous results will be obtained
if the generator, when tuned to a nearby out-of-band channel,
also delivers noise power to the channel to which the recetver is
runeo.

Because only one sideband of the noise fal ls into the channel
being measured, the type of noise ( i .e.,  AM or FM) is irrelevant
It  is impossible to determine whether noise is caused by ampli-
tude f luctuations or phase f luctuations when only one sideband
is being analyzed. Therefore, for noise rates greater than the
highest informatjon rate, it is generally not necessary or mean-
ingful to separate the ampli tude and phase noise in the charac-
terization The important parameter is the total noise power ad-
ded to the adjacent-channel signal 86544 SSB signal-to-noise
ratio in a 1-Hz bandwidth20kHz away from the carrier frequen-
cy is shown in Fig.3, page 19 as a funcl ion of carr ierfrequency

Note that for single sideband receivers, where only one side-
band is observed, the noise within the information bandwidth
does not have to be specified by type, because the receiver
cannot separate amplitude trom phase noise Thus, for SSB ap-
plications, only the total noise is important

Broadband Noise
Noise at rates greater than 20 kHz tends to be additive, con-

sist ing of equal parts of ampli tude noise and angular noise l ts
primary source is thermal noise in the output ampli f ier l t  is rela-
t ively independent of frequency. In the 86544 i ts level is
approximately -1ao dBmlffi

maintained at a constant percentage of the dc refer-
ence level at the wiper of the potentiometer, so the
depth of the amplitude modulation remains fixed as
the vernier is varied.

The oscillator is a standard LC-tuned oscillator, us-
ing a push-pull transistor pair as its active elements.
Six adjoining frequency ranges, each covering no-
minally a 2:1 range, are obtained by switching the in-
ductive element of the oscillator tank circuit, As
shown in Fig. 5, the transistor pair acts as a negative
conductance (-g) in parallel with the tank circuit.
An AGC loop internal to the oscillator circuit (separ-
ate from the output ALC loop)controls this negative
conductance so its magnitude is exactly equal to the
positive conductance of the tank circuit. The result is

that the oscillator oscillates at a fixed
mined by the AGC reference level. In practice, the ne-
gative conductance is slightly nonlinear, a phe-
nomenon that contributes to the stability of the loops.
Because the internal AGC loop of the oscillator holds
the output level essentially constant, the four-stage
buffer amplifier that follows the oscillator can be de-
signed to operate at a nearly constant level.

Incidental FM
The buffer amplifier, while it provides essentially

no gain, serves to isolate the oscillator from the modu-
Iator. This is an extremely important function. With
any oscillator, a change in the load impedance
causes a change in the oscillator frequency. Also, the
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Flg.5. 8654A oscillator active circuit has negative input con-
ductance. The cunent i can be used to contol the magnitude
of the negative conductance. When a parallelluned tesonant
chcuit is placed across the input terminals of this citcuit, the
system oscillates when the negative conductance of the
active circuit is sufficient to overcome the Dositive conduc-
tance of the resonant circuit and the load.

input impedance to any modulator varies somewhat
with its degree of attenuation. Combining these two
facts, one can see that a modulator used to amplitude
rnodulate an oscillator will always cause some fre-
quency modulation. This is known as incidental fre-
quency modulation.

Incidental frequency modulation causes problems
for users who rely on a carrier frequency that remains
constant while its level is varied. Examples are users
who are measuring AM rejection of FM receivers, dis-
tortion and other parameters in narrow-band AM re-
ceivers, and receiver sensitivity. While a certain
amount of incidental FM is inevitable, careful sys-
tem design can reduce it to a point where it is insigni-
ficant and indeed nearly unmeasurable.

In a signal generator, incidental FM caused by the
varying reflection coefficient of the modulator can be
reduced by using a buffer amplifier that has very
high reverse isolation, or equivalently, a very small
S12. However, careful packaging is also necessary, to
assure that the RF signal from the modulator and out-
put amplifier does not leak back to the oscillator. If it
can leak back, the amplified signal from the power
amplifier will cause the oscillator frequency to
change, because it will cause a change in the phase-
versus-frequency characteristics of the resonator. As
the level of this reverse leakage signal varies, so does

its effect. The shielding required to minimize this ef-
fect is indicated in the block diagram, Fig. 4.

Attention must also be given to careful design of
the power supplies to be certain that small voltage
variations caused by varying modulator currents do
not cause a change in the oscillator frequency.

The modulator uses PIN diodes that have a long
carrier lifetime, These diodes work well over a wide
frequency range (10-520MHz), providing both good
dynamic range at the high frequencies and low distor-
tion at low frequencies, This combination is normal-
ly rather difficult to achieve economically. Although
the modulator does perform well in this regard, the
long carrier lifetime of the PIN diodes forces sacrifice
of the wider modulation bandwidths often provided
in more expensive signal generators. However, the
8654A modulator performs well over the audio range.

For the same reasons that incidental frequency mo-
dulation is a problem for many users, incidental
phase modulation is also a problem. This phenomen-
on is caused by a modulator whose phase shift is a
function of its modulation. The low junction capaci-
tance of the PIN diodes, along with some compensa-
tion circuitry, results in a low index of incidental
phase modulation.

Output and Shieldlng
The modulator of the 86544 is followed by a

power amplifier. This amplifier, shown in Fig. 6,
uses HP transistors, and its design was assisted by an
in-house computer-aided-design program. It uses a
quasi-push-pull design to provide high power with
low distortion.

The RF signal leaving the amplifier is fed into an at-

From
Modulator

Flg,6. Broadband 8654A output amplifier is designed to
provide 10 mW into 50A. Because the output is leveled ahead
ol R", ,9" ls the effective wtput impedance lmpedances A, B,
C, and D were chosen with the aid of an in-house comDuter
ptogtam. HP transistors are used.
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tenuator, which attenuates the signal in 10 dB steps.
It is important that the leakage from the instrument

be low enough that it will not induce a significant
amount of power into the user's system when he is

making a measurement  that  requi res a known
amount of very low power. To maintain the required
low leakage, the oscillator, buffer amplifier, modula-
tor, and power amplifier are all contained in a well-
. L i - l ' l ^ , - l  o - ^ l ^ o r r r o  T h o  R F ' c i o n q l  f r n m  f h i c  e n n l n -

sure is carried to the attenuator through a semi-rigid
coaxial cable, which further assures low leakage.
The attenuator is enclosed within a tightly sealed
cast aluminum housing.

FM Sensitivity
Although the 8654A was not designed for applica-

tions where FM deviation sensitivity as a function of
carrier frequency must remain constant, it does pos-

sess a predictable sensitivity characteristic. As can
be seen in Fig. 4, a pair of varactor diodes comprise
part of the oscillator tank circuit. Varying the bias vol-
tage across these diodes causes a change in their capa-
citance and consequently a change in the oscillator
frequency.

The deviation of frequency caused by the change
of the varactor capacitance, d<o/dC, varies in a predic-

table manner over each frequency band. Using the

fundamental relationship r,r : l.h/re', we find that
dor/dC: -La3l2 for a fixed L. Thus the FM sensitivity
of the 8654A, as shown in Fig. 7, varies by approxi-
mately a factor of g within each octave band (where

the value of L is fixed). In many cases, knowledge of
this sensitivity characteristic can be used to control
an externally applied modulating signal to yield the
required FM deviation at various frequencies,
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SPECIF ICAT IONS
HP Model 865fA Slgnal Gen€rator

Specifications apply from 10-520 MHz tor oulpul powor <+10 dBm and ov€r
lh€ top 1 0 dB of output lovel vernier rangg unlsss otheruise speciligd

Frequency Characterlgtlcs
RANGE: 10 to 520 MHz in 6 bands

10-18.6 MHz 35-66 MHz 130-250 MHz
'18.6-35 MHz 66-130 MHz 250.520 MHz

ACCURACY: !21o allet 1-hour warmuo.
SETTABILIW: S€ttable to withln 5 ppm ot the deslred lrequsncy with an extafnal

Indicator after t hour warmup.
STABILITY:

TIME: <1 kHz plus 20 ppm/s mln. (after 2 hf warmup and 15 min. att€r
frequsncy change.)

LINE VOLTAGE: < 1 ppm tor +5olo to - l0olo change from nomlnal line voltag6.
LEVEL CHANGE: <l ppm for a 10 dB output lev6l change.
LOAD: <1 ppm with any passiva load changs for power settings <+3 dBm.

Spectral Purlty
HARMONIC DISTORTION: >20 dB below caftiel >25 dB bolow carrier

18 6-130 MHz.
SUBHARMONICS AND NON-IIAFMONIC SPUR.IOUS: (oxctuding tine retated)

none moasurablo.
RESIDUAL Altl: (averagad rms) >70 dB below cader In a 0.3.3 kHz post-detec-

tion nolss bandwidth; >60 dB bslow carrler in a 50 Hz to 15 kHz post-detoction
noiss bandwidth.

RESIDUAL FM: (averaged rms deviation) <0.5 ppm in a O 3.3 kHz post-dotection
nolse bandwidth; <l ppm in a 50 Hz to 15 kHz post-det€ction noise bandwldth:

Output Characterlstlcs
RANGE: 10 dB steps and a '13 dB vernior provide powsr settlngs from + t O dBm to

-'130 dBm (0.7 V to 0.07 rrv) into 50O
LEVEL ACCURACY:

NOTE: Lsvol Accuracy eraor consists ol allowancss for: meter accuracy, det€ctor
lin6arity, tsmperature, flatness, attonuator acdlracy, and twlce the measuremsnt
€rror All but the atlenuator accuracy and the measuremant grror can be cali-
brated out with a powsr mster at a fixad frequency and a fixod vernier sening.

LEVEL FLATNESS: a l dB retoronc€d to th€ output at 50 MHz for output lovels
>-7  dBm.

IMPEDANCE: 50 O ac coupled (75 V dc maximum), VSWR <l.g:1 on O.t range
ot towet

AUXILIAFY RF OUTPUT: nominatty -7 dBm (1OO mV).
LEAKAGE: (wlth all RF outputs terminated property) Leakag€ limits ars below

thosa spocifiod in MIL-|-6181D. Furthormore, wlth an output lovel <0.01 V, loss
than 0.5 pV ls inducad in a 2-turn, t -tnch diameter toop 1 inch away from any suT:
faca and m6asurgd Into a 50 O rsc€lver.

Modulatlon Characterlstlcs
AMPLITUDE MODULATION: Spedflcations apptyforoutputpower < +3 dBm. (AM ts

possibla above +3 dBm as long as th€ comblnation of tho AM depth plus carrisr
output lovel does not exceed +9 dBm.)
OEPTH: 0 to 90o/..
MOOULATION RATE: Internal, 400& 1000 Hz rl 0ol.; Extsrnat g dB bandwtdih,

dc-coupled to >20 kHz.
EXTERNAL AM SENSITIV|TY: (0.1 t 0.01) % AM/mVpk Into OOO O ar 4OO and

'1000 Hz rates.
INDICATEO AM ACCURACY: r(5% o, rsading +5% ot tuil scate) tor modutation

ratss of 400 and 1000 Hz.
PEAK INCIDENTAL FREOUENCY DEV|AT|ON: (gO% AM), tess than 1OO Hz

olus 0.1 timos modulatlon rate.
ENVELOPE DISTORTION:

100 Hz 1 kHz 10 kHz 100 kHz
Modulatlon Rate

FREOUENCY MODULATION:
DEVIATfON: >0.1o/o ol caftiet lrcquency maximum
MOOULATION RATE: Internal, 400 & 1000 Hz l1 0./o. External, 3 dB bandwidth

dc-coupled to >25 kHz driven trom 600 ohms or loss.
EXTERNAL FM SENSITIVITY: 10 Vpk into 600 O yislds >0.1./o deviation

(=15 volts max)

General
POWER: 100, 12O,220 ot 240Volts +5%, -10olo, 48 to 440 Hz; 15 VA maxlmum.

7y2 tt l2,29ml powsr cable turnished with mains plug to match dsstination
raouiremgnts.

WEfGHT: Net, 16 lb 4 oz (7,4 kg, Shipping 22 lb (10 kg).
DfMENSfONS: 10y2" W x 7" H x 12" D (266 mm x 178 mm x 305 mm)
PRICE lN U.S.A.: $1275.
MANUFACTURING DMISION: STANFORD PARK DIVISION

'1501 Pags Mlll Road
Palo Alto, California 94304 U S.A
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