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An Automat ic ,  Precis ion 1-MHz Digi ta l  
LCR Meter  
Th is  new LCR Mete r  i s  espec ia l l y  des igned  fo r  measure  
ments  o f  low-va lue  components  in  in tegra ted  c i rcu i ts  and 
thin-f i lm hybrid circuits, as wel l  as of discrete components. 
I t  uses a four-pair  measurement technique to reduce errors 
caused  by  s t ray  capac i tance ,  res idua l  i nduc tance ,  and  
mutua l  inductance of  the tes t  leads.  

by Kohich i  Maeda 

IN THE MANUFACTURE of integrated circuits, 
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 
del 4271A 1-MHz LCR Meter (Fig. 1) 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 0.2% 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 milli- 
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 /Â¿A. A remotely programmable dc bias 
source provides 0 to 39.9 volts in 0.1V steps. 

Op t ions  a re  ava i l ab le  fo r  i n t e r f ac ing  the  
LCR Meter to HP calculators and computers. 
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F ig .  1 .  Mode l  4271  A  LCR Me te r  
has  a  four -d ig i t  d i sp lay  w i th  90% 
ove r range .  Bas i c  accu rac ies  a re  
Â±0 .7% in  C  measuremen ts  and  
Â±0 .2% in  L ,  R ,  and  G  measu re  
m e n t s .  I t  a l s o  m e a s u r e s  d i s s i p a  
t ion factors.  Al l  measurements are 
made at 1 MHz and at very low test 
signal levels. 

How I t  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 4271A, 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 4271A 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 

is not balanced, an unbalance current id flows into 
the current detector, which produces an error voltage 
ed. This voltage is amplified, phase-detected, and 
rectified to produce a dc voltage E, proportional to 
the real part of ed and a dc voltage E2 proportional to 
the imaginary part of ed. 

The dc voltages Et and E2 are then integrated. The 
integrator outputs modulate two 1-MHz reference 
signals to produce two 1-MHz signals ea and e2 cor 
responding to the real and imaginary parts of the error 
voltage ed. These voltages are added in a summing 
amplifier and applied to the standard resistor Rs. This 
applied voltage, ev, causes the current id to decrease. 

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

ev = -(jwCx + Gx)erRs. 

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

I n t e g r a t o r s  M o d u l a t o r s  

Summing 
Amplif ier 

Fig .  2 .  Br idge sec t ion  o f  the  LCR Meter .  Ba lanc ing is  done automat ica l ly .  
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bridge.  However,  the osci l la tor  vol tage is  now ap 
plied to the standard resistor Rs and the feedback vol 
tage is  applied to the unknown impedance.  At bal  
ance, 

e v  =  -  Rx)e,/Rs 

Measurement  Sect ion  
In the measurement section, the dual-slope digit  

al voltmeter technique is used to measure the vector 
ratio of ev and er. Fig. 3 is a block diagram. 

The CS/GS amplifier is a kind of phase shifter. When 
SG is  in i ts  "on" posi t ion the voltage gain of  this  
circuit is k0Gs where k0 is the current-to-voltage con 
version constant of the amplifier. When SG is in its 
"on" position the voltage gain is jwCsk0. When SG is 
on, Sc is off and vice versa. 

Phase detectors 1 and 2 rectify the amplifier output 
synchronously with 0Â° and 90Â° phase reference sig 
nals  derived from er.  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 logic control signals as the dual- 
slope analog-to-digital conversion proceeds. 

At the start of a C measurement, switch Sr is open, 
Sv is closed, SG and Sxl are on, and Sc is off. Integrator 
1 is  charged for  a  constant  period Tv The charge 
stored during this time is 

Q c i  =  - a ^ R s ^ e / I ^  

where the constant aj is the product of k0, the effi 
ciency of phase detector 1, and the integrating con 
stant of integrator 1. 

Next Sr closes, Sv opens, Sc turns on, and SG turns 
off. Sxl remains on. Integrator 1 is discharged until 
its output is zero volts. If the discharge time is T2, 
the charge dissipated is 

Qcz = aiwCserT2. 

Then, because QC1 = -Qc2. 

Cx = C,T2/(G8R,T1). 

Cs and Gs Amplif ier  Integrator 1 

In  C-G Measurements .  
eÂ» = -(Â¡iaCt + GÂ«)e,Rs 

In  L-R Measurements ,  
eÂ» = -(jiuL, -i- RÂ«)er/Rs 

s  s  

Clock Pulse 

t t t t t t  
Logic Control  

Circuit 

Discharging 
Period Signal Clock Pulse 

Transfer  Pulse 
C/L Display 

Fig.  d ig i ta l  technique.  sect ion uses the dual -s lope in tegrat ing d ig i ta l  vo l tmeter  technique.  
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Rs, Gs, Cs, and T., are selected so the unknown capaci 
tance can be measured directly by counting T2. 

A G measurement begins with switch Sv closed, 
Sr open, SG and Sx2 on, and Sc off. The charge stored 
during the charging period Tj is 

QGI = -a2GsRsGxerT1 

where the constant a2 is the product of k0, the effi 
ciency of phase detector 2, and the integrating con 
stant of integrator 2 

During the discharge period Sr closes, Sv opens, 
SG and Sx2 are on, and Sc is off. When the output of 
integrator 2 reaches zero volts after a time T3 the 
charge dissipated is 

QG2 = a2GserT3. 

But QG1 = -QG2. so 

Gx = T3/(RST1). 

Rs and T! are selected so the unknown conductance 
Gx can be measured directly by counting T3. 

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

and 

LX = 

RX = 

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

Dx = Gx/(coCx), 

the sequence begins with Sr closed, Sv open, Sc and 
Sxl on, and SG off.  Integrator 1 charges for a 
time T4, storing charge 

QC4 = ajÃ¼^e/T .̂ 

Integrator 1 is then discharged with Sv closed, Sr 
open, SG and Sxl on, and Sc off, until its output 
reaches zero volts. Sx2 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 is 

Qcs = -aAwCxR.eJj 

and the charge stored by integrator 2 is 

QGS = -a2GsRsGxerT5. 

Next, integrator 2 is discharged with Sr closed, SG 
and  Sx2  on ,  and  Sc  o f f ,  un t i l  i t s  ou tpu t  be  
comes zero after a time T6. The charge removed is 

Qce = a2GserT8. 

Because QC4 + QC5 = 0 = QG5 + Q^, 

T5 = C8T4/(GSRSCX) 

and 

T6 = RSGXT5. 

Therefore 

T6 = CSGXT4/(GSCX) 

Cs, G8, and T4 are chosen so that Dx can be measured 
directly by counting T6. 

To measure the dissipation factor of an inductor, 
defined as 

Dx = Rx/(a>Lx), 

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

D â€” the constants al and a2, which express the charac 
teristics of the CS/GS 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. 

Compensat ion  Per iods Added 
Fig. 4 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-Pai r  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. 
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Phase Error Compensation 
In  the measurement sect ion of  the 4271 A LCR Meter ,  phase 

detectors  are used to  generate dc vo l tages propor t ional  to  the 
r e a l  a n d  i m a g i n a r y  p a r t s  ( i n - p h a s e  a n d  q u a d r a t u r e  c o m p o  
nents)  of  the s ignal  at  the inputs to the phase detectors.  To do 
t h i s  r e l a  i t ' s  n e c e s s a r y  t o  m a i n t a i n  t h e  p r e c i s e  p h a s e  r e l a  
t ionship between the reference s ignal  and the detected s ignal .  
I f  any phase error exists,  the dc outputs of  the phase detectors 
d i f fer  f rom thei r  proper  va lues.  

If the input signal is A + JB, and if there is phase error 6\ in the 
real (0Â°) branch of the circuit and phase error 62 in the imaginary 
(90Â°)  the  the  ac tua l  ou tpu ts  A '  and  B '  w i l l  be  re la ted  to  the  
co r rec t  ou tpu ts  A  and  B  by  

A '  =  A  c o s  S i  +  B  s i n  0 1  
B '  =  B  c o s  8 2  +  A  s i n  6 2  

Not i ce  tha t  the re  a re  two  types  o f  e r ro rs ,  cos ine  and  s ine .  
Cos ine  e r ro r  i s  no t  se r ious  because  i t  a f fec ts  on ly  the  phase  
de tec to r  e f f i c iency ,  wh ich  has  l i t t l e  to  do  w i th  the  f ina l  resu l t  
(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 the make i t  di f f icul t  to make a precise measurement of the 
d i ss ipa t ion  fac to r  o f  a  l ow-D induc to r  o r  capac i to r ,  t he  sma l l  
pa ra l l e l  capac i t ance  o f  a  r es i s t o r ,  o r  t he  sma l l  se r i es  i nduc  
tance of  a resistor .  As shown in Fig.  A for  a C-G measurement,  
t h e  e r r o r  i n  T 2 ,  t h e  C x  r e a d i n g ,  i s  D X 0 2  a n d  t h e  e r r o r  
i n  T 3 ,  t h e  G x  r e a d i n g ,  i s  0 i / D x .  T h u s ,  f o r  e x a m p l e ,  i n  a  
C-G measurement  where  Dx  =0 .1  and  61  =  62  =  0 .01  rad ian ,  
t he  measured  va lue  o f  Cx  wou ld  be  in  e r ro r  by  0 .1% and  the  

C  M e a s u r e m e n t  

P h a s e  D e t e c t o r  
I n p u t  

I n t e r f e r e n c e  
e r r o r  f r o m  G  
( G . R . G . O j T , )  

C  I n t e g r a t o r  0  

T h e r e f o r e  T 2  =  C X ( G . R , / C . ) ( 1  +  D X 6 > 2 ) T ,  

G  M e a s u r e m e n t  

P h a s e  D e t e c t o r  
I n p u t  

Â«1, 

G  I n t e g r a t o r  0  

C h a r g i n g  P e r i o d  

- G . R . O c u C ,  -  G x ) e ,  

G . R . G . T ,  

D i s c h a r g i n g  P e r i o d  

G . e ,  

- G . T 3  

G . R . G . T ,  -  G . R . c u C . ^ T !  =  G . T 3  
T h e r e f o r e  T 3  =  G T R , ( 1  ~  Â » i / D J T ,  

F ig .  A .  C  and  G measuremen ts  w i th  uncompensa ted  phase  
errors. 

measured va lue  o f  Gx wou ld  be  in  e r ro r  by  about  10%.  
To min imize phase er rors ,  compensat ion  per iods  are  added 

to  the  4271A measurement  sequence .  F ig .  B  shows how they  
work  in  a  C measurement .  

D u r i n g  t h e  c h a r g i n g  p e r i o d  T , ,  p h a s e  e r r o r  c a u s e s  t h e  
charge  accumula ted  by  the  C in tegra to r  to  d i f fe r  f rom the  cor  
rect  amount .  The G in tegrator  is  a lso charged dur ing T, ,  and a 
c o m p e n s a t i o n  p e r i o d  e q u a l  t o  T 3 ,  t h e  t i m e  r e q u i r e d  f o r  d i s  
charging the G integrator ( integrator 2),  is added to the C meas 
urement sequence. Dur ing this t ime the phase error on the C in 
tegrator  has approx imate ly  the same magni tude as that  dur ing 
T, ,  but  oppos i te  po lar i ty .  The resu l t  is  that  the d ischarg ing per  
iod T2, which fol lows the compensation period, is in error by only 
-0102.  The er ror  no longer  depends on Dx.  

A lso  shown in  F ig .  B  i s  a  compensa ted  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 3  i s  a l s o  - 0 1 0 2 .  T h u s ,  
i f  0 1  =  0 2  =  0 . 0 1  r a d i a n ,  t h e  m e a s u r e m e n t  e r r o r s  w o u l d  b e  
on l y  -0 .01% in  bo th  Cx  and  Gx ,  i ns tead  o f  0 .1% and  10% as  
they  were  in  our  uncompensated  example .  

T h i s  m e t h o d  i s  a l s o  u s e d  t o  c o m p e n s a t e  L ,  R ,  a n d  D  
measurements.  

C  M e a s u r e m e n t  w i t h  C o m p e n s a t i o n  P e r i o d  

P h a s e  
D e t e c t o r  
I n p u t  

C  I n t e g r a t o r  

G  I n t e g r a t o r  

C h a r g i n g  
P e r i o d  

C o m p e n s a t i o n  
P e r i o d  

-  C , G s R s T i  

I n t e r f e r e n c e  e r r o r  

G ,RSGXT,  G . T 3  

D i s c h a r g i n g  
P e r i o d  

j iuC.e ,  

a :  ( w C , G s R ,  -  G s H 5 G , , S 2 ) T i  -  G , Â » 2 T 3  -  t u C . T 2  =  0  
b :  G , R . G , T i  +  G , R s < o C , T , 0 i  -  G , T 3  =  0  
F r o m  a  a n d  b ,  T 2  =  C , ( R , G ^ C , ) ( 1  -  H , H 2 ) - T ,  

G  M e a s u r e m e n t  w i t h  C o m p e n s a t i o n  P e r i o d  

wCÂ«G,R,T,  
C Integrator <=-â€” 

I n t e r f e r e n c e  

G  I n t e g r a t o r  

c: G,R,G,Â«2Ti - uX^G.R.T, - wC,T2 = 0 
d :  ( G , R , ( u C , Â « i  +  G , R 5 G , ) T ,  -  ( u C , f ) , T 2  -  G , T 3  =  0  
F r o m  c  a n d  d ,  T 3  =  R S G , ( 1  -  W t ^ J T i  

F i g .  B .  C  a n d  G  m e a s u r e m e n t s  w i t h  p h a s e - e r r o r  c o m  
pensat ion per iods.  
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S t e p  a  S t e p  b  S t e p  c  
C h a r g i n g  C  C o m p e n s a t i o n  D i s c h a r g i n g  

S t e p  e  S t e p  f  
G  C o m p e n s a t i o n  D i s c h a r g i n g  

Integrator  1  

In tegrator  2  

Counte r  
Gate  

S t e p  d  S t e p  e  S t e p  f  
D  C o m p e n s a t i o n  C h a r g i n g  D i s c h a r g i n g  

C / L  T r a n s f e r  
Pulse  

G  R  D  T r a n s f e r  
Pulse 

C / L  M e a s u r e m e n t  G / R  M e a s u r e m e n t  D  M e a s u r e m e n t  

W h e n  f u n c t i o n  C - D  o r  L - D  i s  s e l e c t e d  
S t e p  d - e - f  c h a n g e s  t o  S t e p  d  - e  - f  

Fig. dual-slope measurement sequence, showing the charge-discharge dual-slope measurement 
per iods  and compensat ion  per iods  fo r  cance l l ing  phase er ro rs .  

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 90Â° angle from 
the current leads. Neither of these methods is ade 
quate for the 4271 A, which has a high resolution of 
0.1 nH in inductance measurements. 

The 4271A 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  Adjustments 
Some components, such as those on an 1C 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 4271 A is 
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 
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Current  Leads 

Potential  Leads -  

F i g .  5 .  F o u r - p a i r  m e a s u r e m e n t  t e c h n i q u e  u s e s  c o a x i a l  
cab les  fo r  cur rent  and potent ia l  leads,  e l im inat ing  mutua l  in  
ductance that  causes er rors .  

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 4271 A 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 Rs are connected. Thus if Rs 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 Rs and the un 
known. This is 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. 

Accessor ies  
Several accessories are available for the Model 

4271A Digital LCR Meter. 
Model 16022A Test Fixture is a general-purpose 

fixture for connecting unknowns to the 4271A. The 
fixture is supplied with inserts for both vertical and 
axial lead connections. 

Model 16021 A Test Fixture is used to calibrate the 
4271 A with 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 4271 A to a four-terminal 
device or user-manufactured test fixture that has 
BNC connectors. 

4 2 7 1 A  

Four Pair 
Configuration 
Section (does 
not have error)  

\ ^  In tegra ted  
Circuit 

'  Probe  Sect ion  (has  
residual  inductance 
and resistance and 
stray capacitance 
and conductance)  

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

C,' = C,(1 + w2L0CÂ» - 2R0GÂ» - L0GX2/C,,) 
G,' = Gx(1 + 2eu2LoCÂ» - R0GÂ» + iu2R0C,2/G,) 

W h e n  L O  =  0 . 1  M H ,  R 0  =  0 . 1 1 1 ,  C ,  =  1 0  n F ,  G .  =  1 0 0  m U ,  
error in Cx'  is  minus 8% and error in G, '  is  plus 7%. 

Inf luence of  Stray Capacitance and 
Conductance in  L-R Measurement  

Actual Measured 

L ,  =  L , ( 1  -  2 G 0 R ,  +  a , 2 C 0 L x  -  C 0 R , 2 / L , )  
R; = R,(1 - GOR, * 2w2c0L, * OI'L^GO/R,) 

When C0 = 0.5  pF,  G0 = 1 M",  RÂ» = 10 KÃÃ, L,  =  1  mH, 
er ror  in  L ,  is  minus 5% and er ror  in  R ,  is  p lus  3%.  

F ig .  6 .  When  p robes  a re  used  to  measure  1C componen ts ,  
paras i t ic  L and C in  the probe sect ion in f luence the measure 
ments.  The 4271 A LCR Meter  has of fset  adjustments to min i  
mize these errors.  
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Model 16033A Test Leads (with small coaxial con 
nectors) are used for connecting the 4271A unknown 
terminals to a sample to be measured. 

Model 16023 A DC Bias Controller is used to control 
the internal bias source provided by Model 4271A 
Option 001. 
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B A S I C  S P E C I F I C A T I O N S  
HP Model  4271 A LCR Meter  

Capaci tance Measurement  
Inductance Measurement  

â € ¢ W h e n  r e a d i n g  o f  C  i s  m o r e  t h a n  1 5 0 0  c o u n t s .  
O F F S E T  R A N G E :  

C A P A C I T A N C E :  1  p F  
C O N D U C T A N C E :  1  f i t !  

F R E Q U E N C Y :  1  M H z  Â ± 0 . 0 1 % .  
C A P A C I T A N C E  A C C U R A C Y :  

â € ¢ W h e n  r e a d i n g  o f  L  i s  m o r e  t h a n  1 5 0 0  c o u n t s .  
O F F S E T  R A N G E :  

I N D U C T A N C E :  1 0 0  n H  
R E S I S T A N C E :  1 0 0  m i l  

F R E Q U E N C Y :  1  M H z  Â ± 0 . 0 1 % .  
I N D U C T A N C E  A C C U R A C Y :  

Accuracy speci f icat ions apply  23Â°CÂ±5Â°C.  
O n  R a n g e  4 ,  T e s t  S i g  L e v e l  i s  L o w  o n l y .  
N C  i s  c a p a c i t a n c e  r e a d o u t  i n  c o u n t s .  

M E A S U R I N G  S P E E D  
FIXED RANGE:  100  ms  to  250  ms  in  C-G and  L -R  measurements .  160  ms  to  

4 0 0  m s  i n  C - D  a n d  L - D  m e a s u r e m e n t s .  
A U T O R A N G E :  1 0 0  m s / r a n g e  s t e p  a d d e d  t o  a b o v e  v a l u e s .  

D C  B I A S  V O L T A G E  
I N T E R N A L :  o p t i o n a l l y  p r o v i d e d ,  v a r i a b l e  f r o m  0 0 . 0  V  t o  3 9 . 9  V  i n  s t e p s  o f  

0 . 1  V ,  c o n t r o l l e d  b y  H P  c a l c u l a t o r s .  H P  c o m p u t e r s  o r  H P  1 6 0 2 3 A  D C  B i a s  
C o n t r o l l e r  

E X T E R N A L :  i n p u t  c o n n e c t o r  i s  p r o v i d e d  o n  t h e  r e a r  p a n e l ,  - 2 0 0  V  m a x i m u m .  
M O N I T O R :  t e r m i n a l  o n  r e a r  p a n e l .  

General 

A c c u r a c y  s p e c i f i c a t i o n s  a p p l y  2 3 : C * 5  C .  
O n  R a n g e  1  .  T e s t  S i g  L e v e l  i s  L o w  o n l y .  
N L  i s  i n d u c t a n c e  r e a d o u t  i n  c o u n t s .  

D A T A  O U T P U T  A N D  R E M O T E  P R O G R A M M I N G  I N P U T :  s e e  d a t a  S h e e t .  
O P E R A T I N G  T E M P E R A T U R E :  O  C  t o  5 0  C  
P O W E R :  1 0 0  1 2 0  2 2 0  2 4 0  V  Â ± 1 0 % ,  4 8 - 6 6  H z ,  8 0  V A  m a x .  
D I M E N S I O N S :  3 - 1 5 / 3 2 " x 1 6 V Â « - x 1 9 - 9 / 1 6 " ( 8 9 x 4 2 5 x 4 9 8 m m )  
W E I G H T :  n e t .  2 2  I b s  ( 1 0  k g ) .  
P R I C E  I N  U . S . A . :  4 2 7 1 A  1  M H z  D i g i t a l  L C R  M e t e r ,  $ 4 5 0 0 .  
M A N U F A C T U R I N G  D I V I S I O N :  Y O K O G A W A  H E W L E T T - P A C K A R D  L T D  

9 - 1  T a k a k u r a - c h o  
Hachioji-shi 
T o k y o  1 9 2 ,  J a p a n  
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A Moderate ly  Pr iced 20-MHz Pulse  
Generator  wi th  16-Vol t  Output  
Suitable for  general-purpose use, th is instrument also has 
the  pu lse  ampl i tude  needed fo r  d r i v ing  the  newer  CMOS 
circuits. 

by  Gunter  Krauss  and  Ra iner  Egged  

THE PULSE GENERATOR and oscilloscope have 
long been an effective team for studying the 

behavior of circuits in the time domain, comparable 
to the way sweep oscillators and spectrum analyzers 
are now teamed for analyses in the frequency do 
main. Much information can be gleaned from the ef 
fects that circuits under test have on pulse shape. 

Nowadays, the pulse generator assumes increas 
ing importance among the basic test instruments as 
the use of digital circuits spreads to an ever-broaden 
ing range of applications. The pulse generator is use 
ful as a source of variable-rate clock pulses and gat 
ing signals for testing these circuits. 

It was with the thought of designing an inexpen 
sive pulse generator with output amplitudes suitable 
for driving the increasingly popular CMOS circuits 
that we embarked on the design of the new Model 
8011A Pulse Generator (Fig. 1). In meeting the re 
quirements of CMOS circuits, it would also span the 
amplitude range needed for TTL, HTL, and HNIL cir 
cuits. It soon became apparent, however, that this in 
strument's moderate price would make it attractive 
as a general-purpose pulse generator for a broad 
range of users, including technical schools and ser 
vice shops as well as the design lab. 

The new pulse generator has a maximum pulse out- 

Fig. 1. Model 8011 A Pulse Genera 
t o r  p r o d u c e s  1 6 - v o l t  p u l s e s  a t  
r epe t i t i on  r a tes  up  t o  20  MHz .  I t  
h a s  c o n v e n i e n t  p u s h b u t t o n  
operation. 

10 
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F i g .  8 0 1 1  F r o m  s h o w  v a r i o u s  m o d e s  o f  o p e r a t i o n  o f  M o d e l  8 0 1 1  A  P u l s e  G e n e r a t o r .  F r o m  
the lef t  nega are (a)  posi t ive-going,  (b)  posi t ive-complementary,  (c)  symmetr ica l ,  and (d)  nega 
t ive square wave. The center CRT grat icule l ine represents ground potent ial  in al l  photos. (Osci l  

loscope sweep t ime is  2  /us/cm and ver t ica l  def lect ion factor  is  5  vo l ts /cm.)  

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 Â±0.25 V 
up to Â±16 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. 

Ampl i tude wi th Speed 
Pulses can be obtained at any repetition rate up to 

20 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 
0.1 Hz 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 

F i g .  3 .  M o d e l  8 0 1 1  A  P u l s e  G e n  
e r a t o r  f i t t e d  w i t h  c o u n t e d - b u r s t  
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 or 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 repetition rates up to 10 MHz. 

Provisions for pulse delay, variable dc offset, and 
gated operation were omitted to keep the price as low 
as possible. However, available as an option is 
"counted burst" operation, similar to that available 
with the Model 8015A Pulse Generator.1 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 â€” up to 9999 â€” being selected by a 
4-decade thumbwheel switch (Fig. 3). The burst may 
also be initiated 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 repetition 
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 (Fig. 4). 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  Work ings 
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 .  Wi th  counted-burs t  op t ion ,  a  p redetermined number  
of pulses is generated. Addit ional s ingle pulses can be added 
under  pushbut ton contro l .  

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, it 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- 

counted Burst Option 
F ig .  5 .  S imp l i f i ed  b lock  d iag ram 
oÃ­ Model 8011 A Pulse Generator. 
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P O S  

S Y M  

3 5.7V 

R e g u l a t e d  
P o w e r  
S u p p l y  

-14V 

Fig.  6.  F loat ing c i rcu i t  ground is  b iased wi th respect  to  chas 
s is  ground,  enabl ing the use of  low vo l tage c i rcu i ts  to  gener  
ate large pulses of  e i ther  polar i ty .  

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 
i , > In (out) u iggiM1 pulso I'm i:\ erj two nitc 
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 -14V power supplies and the output 
stage has a push-pull configuration that swings the 
output waveform between -8V and 4-8V 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 Â±14V 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 -f- 14V supply through a resistive 
load. 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 pulse 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 
â € ¢ D e v e l o p e d  t o r  t h e  H P  M o d e l  3 3 1 0 A  F u n c t i o n  G e n e r a t o r  b y  S t e p h e n  B  V e n z k e  o f  H P ' s  L o v e l a n d  
D iv i s ion .  

S w i t c h  

R1 

^ * ^  
Ramp 
Capacitor -M- 

Fig .  7 .  Rate  genera to r  uses  a  capac i tance-mul t ip ly ing  tech  
n ique to extend the range of  the s lowest  repet i t ion 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 Rl, which is connected around the 
operational amplifier in a bootstrap configuration 
that maintains a constant voltage across Rl. 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: 

Ã ¼  C 1 R 1  

where K is the gain of the slope amplifier. In the 
Model 8011 A, circuit constants were chosen to make 
i2 = 54ÃJ, so the charging current ia is 1/55 of I, the 
constant current. Thus, with respect to the constant- 
current source, capacitor Cl 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 discharge path is provided by 
diode Dl. 

When the instrument is operated with externally 
supplied triggers, the ramp charging current is dis 
connected. The Schmitt trigger 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 flip-flop, initiating 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 flip-flop is used to drive the output 
stage. 

The  Shape  o f  Th ings  
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 
bly. 

Fig .  8 .  A l l  components ,  inc lud ing  the  pushbut ton  sw i tches ,  
power  t ransformer ,  fuses,  and ac vo l tage se lector  swi tches,  
are contained on a single pr inted-circuit  board. 
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S P E C I F I C A T I O N S  
HP Model  8011 A Pulse Generator  

Pulse Characterist ics 

T R A N S I T I O N  T I M E S :  1 0 n s  f i x e d  
OVERSHOOT,  R INGING AND PRESHOOT:  <  Â±5% o f  pu l se  amp l i t ude  May  i n  

crease to 10% at  counter-c lockwise posi t ion of  ampl i tude vernier .  
PULSE WIDTH:  25ns  to  100ms in  fou r  ranges .  Vern ie r  p rov ides  con t inuous  ad  

justment wi th in each range 
W I D T H  J I T T E R :  0 . 1 %  -  5 0 p s  o f  a n y  w i d t h  s e t t i n g .  
MAXIMUM DUTY CYCLE:  - 50% (100% us ing  pu l se  comp lemen t ) .  
MAXIMUM OUTPUT:  8V wi th  5011 source  and load impedances.  16V.  w i th  in te r  

nal  50 ohms and external  h igh impedance or.  wi th internal  h igh impedance and 
external 50Ã!. 

ATTENUATOR: three-step at tenuator  provides ranges 0 25V -  1V -  4V -  16V. Ver-  
nier prÃ³vidos cont inuous adjustment within aarh ranga 

SOURCE IMPEDANCE: 0 25V - 1V-4V ranges. 50 ohms Â± 10% shunted by 30pF 
4V -  16V range,  50 ohms or  h igh impedance swi tch se lectable.  

POLARITY: posi t ive,  negat ive or  symmetr ica l ,  swi tch selectable.  
FORMAT:  normal  or  complement ,  swi tch  se lec tab le .  

Repet i t ion Rate and Tr igger  
REPETITION RATE:  0 .1  Hz to  20 MHz in  5  ranges.  Vern ier  prov ides cont inuous 

adjustment wi thin each range. 
PERIOD JITTER: â€¢ 0.1% ~ 50ps of  any per iod sett ing.  
SQUARE WAVE:  0 .05  Hz  t o  10  MHz  
TR IGGER OUTPUT:  de - coup led  50 -ohm ( t yp )  sou rce  de l i ve r i ng  s  +1V  ac ross  

50-ohm load. 
TRIGGER PULSE WIDTH:  20ns Â± 10ns 

External ly Control led Operat ion 
EXTERNAL INPUT 

TRIGGER POLARITY:  pos i t ive .  
SENSITIVITY:  1V 
MAXIMUM INPUT: Â±5V. 
INPUT IMPEDANCE:  50  ohms.  
MANUAL: f ront  panel  pushbut ton for  generat ing s ingle pulse.  

E X T E R N A L  T R I G G E R I N G  
REPETITION RATE: 0 to 20 MHz. In square wave, output f requency is hal f  of  in 

put frequency. 
TRIGGER SOURCE: manual  or  external  s ignal .  Minimum external  s ignal  width,  

10ns. 
PULSE BURST MODE (Opt ion  001) :  p rese lec ted number  o f  pu lses  genera ted 

on receipt of tr igger 
BURST TRIGGER SOURCE:  ex terna l  s igna l  o r  manua l .  Min imum externa l  s ig  

nal width. 25ns. 

General 
OPERATING TEMPERATURE RANGE:  O  C  to  55  C  
POWER:  100V.  120V.  220V o r  240V.  -5%.  -10% 48  Hz  to  440  Hz .  70  VA max .  
WEIGHT:  9  Ibs  (4  kg)  
D I M E N S I O N S :  7 . 9  i n .  W  x  5 . 6  i n .  H  x  1 1 . 8  i n .  D  ( 2 0 0  x  1 4 2  x  3 0 0 m m )  
PRICES IN U.S.A. : .  

8011 A. Pulse Generator.  $435. 
Pulse Burst  Opt ion (001).  add $300. 

MANUFACTURING DIV IS ION:  Hewle t t -Packard  GmbH 
Herrenberger Strasse 1 10 
D-7030 Bobl ingen,  Wurtemberg 
Germany  

Ra ine r  Egge r t  
Rainer Eggert joined HP eight years ago to work in tool design 
but  he la ter  swi tched to  product  des ign,  cont r ibu t ing  to  the 
mechanical  design of  several  products,  including the 8002A, 
8003A, and 8008A Pulse Generators. Prior to HP, he had been 
an apprent ice  a t  a  l igh t ing  equ ipment  f i rm before  a t tend ing 
the Staat l iche Ingenieurschule Gauss in  Ber l in  where he 
qual i f ied as a Feinwerktechnik Ingenieur  Graduate (mechani  
ca l  engineer) .  Marr ied,  and the fa ther  o f  two pre-school  
youngsters,  Rainer  is  a lso interested in coin-col lect ing,  
having some 300 coins dat ing as far  back as 1597.  He a lso 
en joys c inephotography,  sk i ing,  and ice-skat ing.  

Appendix 
A Capac i tance  Mu l t i p l i e r  

C u r r e n t  I  f r o m  a  c o n s t a n t - c u r r e n t  s o u r c e  i s  p a r t i t i o n e d  i n t o  c u r  
ren ts  i ,  and  i j ,  as  ind ica ted  in  the  d iagram.  

I t  w i l l  be  shown  he re  t ha t  t he  r a t i o  o f  i 2  t o  i ,  i s  a  f unc t i on  o f  t he  
circui t  constants Cr C2, R,,  RÂ¡ and K. 

First of all, i .  â€” '- 
dt 

The voltage V2 at the output of the slope ampli f ier is KV,, so 
d V .  d V .  
â€ ”  i  =  K  â€ ”  L  
d t  d t  

N o w ,  o f  f e e d b a c k  t h r o u g h  R 2  c a u s e s  t h e  n e g a t i v e  i n p u t  o f  
the  opera t iona l  amp l i f i e r  to  t rack  the  pos i t i ve  inpu t ,  the  s lope  o f  the  
vol tage across capacitor C2 is:  

_ d v ,  _  a n .  _  o x  â € ”  i  -  â € ”  i  o r  ( K  -  1 )  H I  
d t  d t  d t  

d V ,  
The  cu r ren t  iÂ ¡  i n to  capac i to r  C2  thus  equa ls  C2  (K  -  1 )  â€ ”  - .  By  

i nspec t i on ,  i t  i s  seen  t ha t  t he  ope ra t i ona l  amp l i f i e r  ou tpu t  vo l t age ,  
V3, equals V, â€” i jR2 or, 

dV, 
V 3  =  V ,  -  C 2 ( K -  D - R , .  

We can now determine the current Â¡2,  which is (V, â€” VjJ/R, or,  
[ d V .  " I  

V ,  -  V ,  +  C , ( K -  D - ^ - R ,  J  

~ ~  
d V .  

Thus, the rat io of  iÂ¡  to i ,  is :  
dV. 

C 2 ( K -  D - l R ,  

d V ,  
C .  R .  

(K - 1) cT x RT 

( In  the  Mode l  8011  A  Pu lse  Genera to r ,  R2  i s  in  para l le l  w i th  a  d iode  
that  ef fect ive forward-b iased dur ing ramp reset ,  reducing the ef fect ive 
magnitude of RÂ¡.) 

â€” Stephen B. Venzke 

A m p l i f i e r  
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Laboratory Notebook 

Logar i thmic Ampl i f ier  Accepts 100-dB Signal  Range.  

In numerous measurement situations-swept-frequency 
tests of filter response, for exampje-the signal level may 
change rather abruptly. To accommodate a wide amplitude 
range when making plots of frequency response, the detector 
often works with a logarithmic amplifier so low amplitude 
regions can be expanded to disclose detail. At the same time, 
high-amplitude levels are compressed to prevent the related 
recorder or display device /rom being driven off scale. 

Even so, the amplitude range that can be accommodated by 
such an arrangment has commonly been 40-60dB, with 80dB 
being something of a special achievement. But now, with the 
growing sophistication of hybrid thin-film and monolithic inte 
grated circuit technologies, it is possible to design a logarith 
mic amplifier with an input range of over 100 dB, and build it 
at modest cost. 

This amplifier makes use of the exponential voltage-current 
relationship of a transistor, as shown in Fig. A. With the input 
voltage plotted on a logarithmic (dB) scale, the transfer curve 
is reasonably linear over an input amplitude range of -35 to 
-25 dBV. 

Twelve differential pairs of the type shown in Fig. A are 
used with their outputs connected to a common output but 
with their inputs driven from separate taps on an attenuator- 
amplifier ladder, as shown in Fig. B. At any signal level, one 
differential pair is in its linear range while those at higher level 

1.0 

- 5 0  - 4 0  - 3 0  - 2 0  
Input (dB below 1 volt) 

- 1 0  

Fig.  A.  Vo l tage-cur rent  t ransfer  curve o f  a  
s i n g l e  d i f f e r e n t i a l  p a i r  a m p l i f i e r  s t a g e  i s  
reasonably l inear over a 10-d8 range when 
the input  is  p lot ted in dB uni ts .  

- 1 0  - 2 0  - 3 0  - 4 0  - 5 0  - 6 0  - 7 0  - 8 0  - 9 0  - l O O d B  

Fig. C. 
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Input 
1 0 M V . . . . 1 0 V  p - p  

Total 
Gain - 7 0 d B  

Differential â€” 
pairs 

To ta l  

â € ¢ T T T T T T  i t -  Log Output  
.65....1 1.9mA 

External  shaping network 

Fig. B. 

taps are saturated and those at lower level taps are /or all prac 
tical purposes cut off. As the signal grows larger the differen 
tial pair on the next lower tap moves into its linear range as the 
pair on the currently active tap saturates. 

Although the basic concept is not new, it required the new 
technologies to obtain accuracy over such a wide amplitude 
range. All the differential pairs are fabricated on one monolith 
ic chip, assuring good stage matching. A computer-controlled 
laser trims the thin-film resistors on the hybrid substrate to as 
sure accurate 10-dB steps in the attenuator-amplifier ladder. 

Typical linearity is shown in Fig. C. Compensation for the 
non-linear characteristics of a detector or other device can be 
obtained by adding a shaping network, also shown in Fig. B, to 
alter the transfer characteristics of individual stages. 

This log amplifier is used in the Model 3570A Network Ana 
lyzer1 and the Model 8755A Frequency-Response Measuring 
set. 2 Much helpful advice was provided by Hugo Vifian of HP's 
Santa Rosa Division, project leader for the 8755A, and Paul 
Thomas of theLoveland Instrument Division, analog circuit de 
signer for the Model 3570A. 

â€”Robert /eremiasen 
Loveland Instrument Division 

References 
1. H. Vifian, F. David, W. Frederick. "A 'Voltmeter' for the 
Microwave Engineer," Hewlett-Packard Journal, November 
1972. 
2. G. Nelson, P. Thomas, R. Atchley, "Faster Gain-Phase Mea 
surements with New Automatic 50 Hz-to-13 MHz Network 
Analyzers," Hewlett-Packard Journal, October 1972. 

M o d e l  8 7 5 5 L  F r e q u e n c y  R e s p o n s e  T e s t  S e t  u s e s  t h e  l o g a r i t h m i c  a m p l i f i e r  
desc r ibed  here  
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Versat i le  VHP Signal  Generator  
Low Cost  and Portabi l i ty  
T h i s  t h e  r e l i a b l e  i n s t r u m e n t  f i t s  t h e  b u d g e t  a n d  t h e  
per formance needs o f  a  var ie ty  o f  users .  

by Rober t  R .  Hay 

SIGNAL GENERATORS ARE AMONG the elec 
tronics industry's most fundamental and widely 

used instruments. So 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 local 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- 

F i g .  1 .  M o d e l  8 6 5 4 A  i s  a  c o m  
pac t ,  l ow-cos t ,  so / id -s ta te  s igna l  
g e n e r a t o r  t h a t  p r o v i d e s  a u t o  
mat ica l ly  leve led power  f rom +10 
t o  - 1 3 0  d B m  o v e r  a  f r e q u e n c y  
r a n g e  o f  1 0  t o  5 2 0  M H z .  A m p l i  
t u d e  a n d  f r e q u e n c y  m o d u l a t i o n  
a r e  i n d e p e n d e n t  a n d  c a n  b e  
internal or external.  
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10 

Â » =  | f ( 6 0 m i n ) - f ( 5 0 m i n )  

1 =  | f ( 1 1 0 m i n ) - f ( 1 0 0  m i n )  

2 0 0  3 0 0  
Carr ier  Frequency (MHz)  

400 5 0 0  
Fig. 2.  Worst-case dr i f t  of  ten typi  
cal 8654 A production instruments. 

scribed previously in these pages. 1>2p3p4 
Model 8654A (Fig. 1 ), 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 8654 A provides calibrated output and versa 
tile modulation capabilities for testing receivers, 
amplifiers, antennas, and filter networks over a car 

rier frequency range of 10 to 520 MHz. Effective RF 
shielding and wide output range permit receiver sen 
sitivity measurements to be made down to levels of 

-0.1 nV. 
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 Â±1.5 dB over the entire 
frequency range. The power level is variable over a 
â€¢ Leve l  l i near i t y ,  e r ro r  cons is ts  o f  a l lowances  to r  meter  accuracy ,  de tec to r  l i near i t y ,  tempera tu re .  f la t -  
n e s s ,  a t t e n u a t o r  a c c u r a c y ,  a n d  t w i c e  t h e  m e a s u r e m e n t  e r r o r  T h e  f i g u r e  g i v e n  h e r e  i s  t y p i c a l  S p e c i f i  
c a t i o n s  a r e  m o r e  c o n s e r v a t i v e  ( s e e  p a g e  2 4 ) .  

-105 

- 1 1 5  

- 1 2 5  _  

- 1 3 0  
2 0  5 0  1 0 0  

C a r r i e r  F r e q u e n c y  ( M H z )  
200 500 

Fig. 3. Typical 8654 A SSB signal- 
t o -no ise  ra t i o .  To ta l  no i se  power  
re lat ive to carr ier  power in a 1-Hz 
bandwidth 20 kHz from the carrier. 
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Fig. major required simplified block diagram. Heavy lines show the major shielding required to assure 
low RF leakage and low inc identa l  FM. The osci l la tor  is  tuned over i ts  10- to-520-MHz range by 

means o f  a  var iab le  capac i to r  and s ix  f i xed  bandswi tched induc tors .  

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 -7 dBm. 

The 8654A has a specified stability of 1 kHz plus 
0.002% of carrier frequency per 5-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 70 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 1-Hz bandwidth 20 kHz 
away from the carrier. This is shown in Fig. 3 for a ty 
pical instrument. (See page 21 for a discussion of 
noise specifications and their significance.) 

Design  Approach  
Designing a low-cost  instrument requires 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 8654A 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 10-dB steps, the 
ALC loop  p rov 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  carr ier  noise power is  the sum of  angular (phase or f re 
quency )  no i se  modu la t i on  and  amp l i t ude  no i se  modu la t i on .  
These two types of  no ise tend to  be independent ,  and the i r  e f  
fec ts  on  the  sys tem a re  genera l l y  d i f f e ren t .  Fo r  many  s igna l  
generators ,  phase noise var ies wi th  the carr ier  f requency and 
ampl i tude noise var ies wi th the carr ier  level .  

We  can  c l ass i f y  no i se  as  e i t he r  amp l i t ude  f l uc tua t i ons  o r  
phase f luctuat ions and according to the rate at which i t  occurs. 
Phase f luctuat ions can be character ized as e i ther  phase noise 
or frequency noise. In most cases i t  is easy to convert from one 
character izat ion to the other.  

Drift 
No ise  a t  f r equenc ies  be low  the  l owes t  i n fo rma t i on  ra te  i s  

general ly  character ized in the t ime domain as dr i f t  rate,  rather 
than  in  the  f requency  doma in  as  power  spec t ra l  dens i t y .  F re  
quency-domain  measurements  a t  these subaudio  f requenc ies  
are rarely of  much value and, because of the high resolut ion re 
quired,  are d i f f icu l t  to make accurately.  Dr i f t  rate,  on the other 
hand, who a meaningful characteristic, for example to a user who 
is making a measurement for a short period of t ime on a narrow 
b a n d  p e r  D r i f t  i s  g e n e r a l l y  s p e c i f i e d  i n  H e r t z  o r  p a r t s  p e r  
mi l l ion (or  a combinat ion of  both,  as for  the 8654A) per 5 or  10 
minutes.  For  some appl icat ions,  dr i f t  may also be speci f ied for  
a  per iod  o f  one  day  o r  longer .  F ig .  2 ,  page 19 ,  shows typ ica l  
8654A df i f t  performance. 

R e s i d u a l  A M  a n d  F M  
Noise wi th in the in format ion bandwidth is  added to the in for  

mat ion when the car r ie r  is  demodula ted.  I t  must  be character  
ized as no ise power  f rom a demodulator  equiva lent  to  that  be 
i ng  used  i n  t he  commun i ca t i on  sys tem be ing  t es ted .  Conse  
quent ly,  i t  is  important  to speci fy both the ampl i tude noise and 
the  angu la r  no ise  tha t  occurs  a t  ra tes  w i th in  the  in fo rmat ion  
bandwidth.  For many appl icat ions,  th is is  best  done by descr ib 
ing the power spect ra l  densi ty  o f  the res idual  ampl i tude noise 
and the residual  f requency noise (residual  AM and FM).  8654A 
residual  AM and FM are speci f ied as maximum noise power (re 
lat ive to carr ier power) in two post-detect ion bandwidths: 0.3 to 
3 kHz and 50 Hz to 15 kHz.  The narrower bandwidth coinc ides 
with that of  many voice communicat ions systems and the wider 
bandwidth wi th  the audio  range.  

W h i l e  t h i s  f r e q u e n c y - d o m a i n  d e s c r i p t i o n  i s  p r o b a b l y  t h e  
most  usefu l  one,  there  are  app l ica t ions  in  wh ich  t ime-domain  

characterization of the noise is more appropriate. This is true for 
systems that  perform t ime-domain analyses of  the s ignals they 
r e c e i v e .  S u c h  s y s t e m s  i n c l u d e  D o p p l e r  r a d a r  s y s t e m s  a n d  
p u l s e - c o d e - m o d u l a t i o n  a n d  t i m e - d i v i s i o n - m u l t i p l e x e d  s y s  
tems. These systems tend to be very special ized, so i t  is al l  but 
impossib le to provide any t ime-domain stat is t ical  noise charac 
te r i za t i on  tha t  mee ts  the  needs  o f  a l l  use rs .  Fo r tuna te l y ,  be  
cause of the predictabi l i ty of the noise mechanism of most osci l  
l a to rs ,  t he re  i s  a  co r re la t i on  be tween  the  f requency -doma in  
no ise power  spect ra l  dens i ty  and most  t ime-domain no ise s ta  
tistics. 

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

p o r t a n t  p r o b l e m  b e c a u s e  i t  d e l i v e r s  p o w e r  t o  t h e  a d j a c e n t  
bands of  a communicat ion system. When signal  generators are 
used to  measure a receiver 's  se lect iv i ty ,  in termodulat ion,  and 
cross-modulat ion distor t ion,  erroneous resul ts wi l l  be obtained 
i f  the generator ,  when tuned to a nearby out-of -band channel ,  
also delivers noise power to the channel to which the receiver is 
tuned. 

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. 
I t  is  impossib le to determine whether noise is  caused by ampl i  
tude f luctuat ions or phase f luctuat ions when only one sideband 
is  be ing analyzed.  Therefore,  (or  no ise ra tes greater  than the 
highest  informat ion rate,  i t  is  general ly  not  necessary or  mean 
ingful  to separate the ampl i tude and phase noise in the charac 
ter izat ion.  The important  parameter is  the total  noise power ad 
ded to the adjacent-channel  s ignal .  8654A SSB signal- to-noise 
rat io in a 1-Hz bandwidth 20 kHz away from the carr ier  f requen 
cy is shown in Fig. 3, page 1 9 as a function of carrier frequency. 

Note that  for  s ingle s ideband receivers,  where only one s ide 
band is  observed,  the  no ise  w i th in  the  in fo rmat ion  bandwid th  
does  no t  have  to  be  spec i f i ed  by  t ype ,  because  the  rece ive r  
cannot separate ampl i tude f rom phase noise.  Thus,  for  SSB ap 
pl icat ions,  only the total  noise is important .  

Broadband Noise 
Noise at  rates greater  than 20 kHz tends to be addi t ive,  con 

sist ing of  equal  parts of  ampl i tude noise and angular noise.  I ts 
pr imary source is thermal noise in the output ampli f ier.  I t  is rela 
t i v e l y  i n d e p e n d e n t  o f  f r e q u e n c y .  I n  t h e  8 6 5 4 A  i t s  l e v e l  i s  
app rox ima te l y  - 140  dBm/VHz" .  

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 (â€” 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 level deter 
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 loop5. 
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 
lator. 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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Fig. con 8654 A osci l lator act ive circuit  has negative input con 
ductance.  The current  i  can be used to contro l  the magni tude 
of  the negat ive conductance.  When a paral le l - tuned resonant  
c i rcu i t  is  p laced across the input  terminals of  th is  c i rcu i t ,  the 
s y s t e m  o s c i l l a t e s  w h e n  t h e  n e g a t i v e  c o n d u c t a n c e  o f  t h e  
ac t i ve  c i r cu i t  i s  su f f i c i en t  t o  ove rcome the  pos i t i ve  conduc  
tance of  the resonant  c i rcu i t  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 
modulate 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 (10-520 MHz), 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 
8654 A 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 Shie lding 
The modulator of the 8654A 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 

F i g .  6 .  B r o a d b a n d  8 6 5 4 A  o u t p u t  a m p l i f i e r  i s  d e s i g n e d  t o  
provide 10 mW into 50 f l  Because the output is leveled ahead 
of Rs, B, is the effect ive output impedance. Impedances A, B, 
C,  and D were  chosen wi th  the  a id  o f  an  in -house computer  
program. HP t rans is tors  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 requires 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- 
shielded enclosure. The RF signal from this enclo 
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 Sensit ivi ty 
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, doj/dC, varies in a predic 
table manner over each frequency band. Using the 

1000 

2 0  5 0  1 0 0  2 0 0  5 0 0  1 0 0 0  
Car r i e r  F requency  (MHz )  

fundamental relationship w = l/VEC, we find that 
dto/dC= -Lw3/2 for a fixed L. Thus the FM sensitivity 
of the 8654A, as shown in Fig. 7, varies by approxi 
mately a factor of 8 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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S P E C I F I C A T I O N S  
HP Model  8654A S igna l  Genera tor  

Spec i f ica t ions app ly  f rom 10-520 MHz for  output  power  s  +  10 dBm and over  
the top 10 dB of  output  leve l  vern ier  range unless o 'herwise speci f ied.  

Frequency Character ist ics 
RANGE:  10  t o  520  MHz  i n  6  bands  

1 0 - 1 8 . 6  M H z  3 5 - 6 6  M H z  1 3 0 - 2 5 0  M H z  
1 8 . 6 - 3 5  M H z  6 6 - 1 3 0  M H z  2 5 0 - 5 2 0  M H z  

ACCURACY:  Â±2% af te r  1 -hour  warmup.  
SETT ABILITY: Sel lable to wi th in 5 ppm of  the desi red f requency wi th an external  

ind icator  af ter  1  hour  warmup.  
S T A B I L I T Y :  

T I M E :  < 1  k H z  p l u s  2 0  p p m / 5  m i n .  ( a f t e r  2  h r  w a r m u p  a n d  1 5  m i n .  a f t e r  
f requency change.)  

L I N E  v o l t a g e .  < 1  p p m  f o r  + 5 %  t o  -  1 0 %  c h a n g e  f r o m  n o m i n a l  l i n e  v o l t a g e .  
LEVEL  CHANGE:  <1  ppm fo r  a  10  dB  ou tpu t  l eve l  change .  
LOAD:  <1  ppm w i th  any  pass i ve  l oad  change  fo r  power  se t t i ngs  <+3  dBm.  

Spectral  Puri ty  
H A R M O N I C  D I S T O R T I O N :  > 2 0  d B  b e l o w  c a r r i e r ;  > 2 5  d B  b e l o w  c a r r i e r  

18.6-130 MHz. 
SUBHARMONICS AND NON-HARMONIC  SPURIOUS:  ( exc l ud ing  l i ne  r e l a ted )  

none measurab le .  
RESIDUAL AM:  {ave raged  rms)  >70  dB  be low ca r r ie r  i n  a  0 .3 -3  kHz  pos t -de tec  

tion post-detection bandwidth; >60 dB below carrier in a 50 Hz to 1 5 kHz post-detection 
noise bandwidth.  

RESIDUAL FM: (averaged rms dev ia t ion)  <0.5 ppm in  a  0 .3-3 kHz post -detect ion 
noise bandwidth;  < 1 ppm in a 50 Hz to 1 5 kHz post-detect ion noise bandwidth.  

Output  Character ist ics 
RANGE: to dB steps and a 13 dB vern ier  prov ide power set t ings f rom +10 dBm to 

- 1 3 0  d B m  ( 0 . 7  V  t o  0 . 0 7  ^ V )  i n t o  s o n .  
L E V E L  A C C U R A C Y :  

A U X I L I A R Y  R F  O U T P U T :  n o m i n a l l y  - 7  d B m  ( 1 0 0  m V ) .  
LEAKAGE:  (w i th  a l l  RF  ou tpu ts  te rm ina ted  p roper l y )  Leakage  l im i t s  a re  be low 

those speci f ied in MIL-I-6181D. Furthermore, wi th an output level  <0.01 V. less 
than 0.5 ^V is induced in a 2-turn, 1 -inch diameter loop 1 inch away from any sur 
face and measured in to  a  50 n  rece iver .  

Modulat ion Characterist ics 
AMPLITUDE MODULATION: Speci f icat ions apply for  output  power < +3 dBm (AM i !  

possible above +3 dBm as long as the combinat ion of  the AM depth plus carr ier 
ou tput  leve l  does not  exceed +9 dBm.)  
DEPTH:  0  to  90%. 
MODULATION RATE: Internal,  400 4 1000 Hz Â±10%; External 3 dB bandwidth. 

de-coup led to  >20 kHz.  
EXTERNAL AM SENSITIVITY: (0.1 Â± 0.01) % AM/mVpk into 600 Ã1 at 400 and 

1000 Hz rates. 
INDICATED AM ACCURACY: Â±(5% of reading +5% of ful l  scale) for modulat ion 

rates of  400 and 1000 Hz.  
P E A K  H z  F R E Q U E N C Y  D E V I A T I O N :  ( 3 0 %  A M ) ,  l e s s  t h a n  1 0 0  H z  

plus 0.1 t imes modulat ion rate.  
ENVELOPE DISTORTION:  

100 

1 0 0  H z  1  k H z  1 0  k H z  
M o d u l a t i o n  R a t e  

1 0 0  k H z  

NOTE: Level  Accuracy er ror  cons is ts  o f  a l lowances for :  meter  accuracy,  detector  
l inear i ty ,  temperature,  f la tness,  a t tenuator  accuracy,  and twice the measurement  
e r r o r .  A l l  b u t  t h e  a t t e n u a t o r  a c c u r a c y  a n d  t h e  m e a s u r e m e n t  e r r o r  c a n  b e  c a l i  
brated out  wi th  a  power  meter  a t  a  f ixed f requency and a f ixed vern ier  set t ing.  

LEVEL FLATNESS:  Â±1 dB re ferenced to  the  output  a t  50  MHz fo r  ou tput  leve ls  
> - 7  d B m .  

IMPEDANCE:  50  Ã1 ac  coup led  (75  V dc  max imum) ,  VSWR <1.3 :1  on  0 .1  range 
or lower.  

F R E Q U E N C Y  M O D U L A T I O N :  
DEVIATION:  >0 .1% o f  car r ie r  f requency  max imum.  
MODULATION RATE: Internal, 400 & 1 000 Hz Â± 1 0%. External, 3 dB bandwidth 

de-coup led to  >25 kHz dr iven f rom 600 ohms or  less .  
E X T E R N A L  F M  S E N S I T I V I T Y :  1 0  V p k  i n t o  6 0 0  Ã 1  y i e l d s  > 0 . 1 %  d e v i a t i o n  

(Â±15 volts max). 
Genera l  

POWER: 100,  120,  220 or  240 Vol ts  +5%, -10%, 48 to  440 Hz;  15 VA maximum. 
7Vz  f t  ( 2 , 29m)  power  cab le  f u rn i shed  w i t h  ma ins  p l ug  t o  ma tch  des t i na t i on  
requirements. 

WEIGHT:  Net ,  16 Ib  4  oz (7 ,4  kg) .  Shipp ing 22 Ib  (10 kg) .  
D I M E N S I O N S :  1 0 ' / 2 "  W  x  7 "  H  x  1 2 "  D  ( 2 6 6  m m  x  1 7 8  m m  x  3 0 5  m m ) .  
PRICE IN U.S.A. :  $1275.  
M A N U F A C T U R I N G  D I V I S I O N :  S T A N F O R D  P A R K  D I V I S I O N  
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