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In t_his Issue

2 The product designs described in this issue represent the present state
~ of the art in three of HP's oldest product lines—frequency counters, micro-
" wave instrumentation, and voltmeters. On the cover is a photomicrograph
of a gallium arsenide sampler chip, the keystone of the designs of the HP
5350 Series of microwave counters. The three counters in this series are
- capable of counting frequencies as high as 20, 26.5, and 40 gigahertz. The
| GaAs sampler and all of the other microwave components are combined in
\ a single hybrid circuit, so that all of the high-frequency circuitry is contained
st “ in just one hybrid package. To quote Scott Gibson, author of the article on
page 4, "Besides the GaAs IC and hybrid circuit, engineering contributions in the new counters
include nalving the number of boards used in previous designs, lowering internal operating tem-
peratures by 80%, achieving a production hybrid yield of almost 100% by improving matching
between the harmonic generator and the sampler, extending calibration intervals to as long as
five years, simplifying the block diagram, designing friendlier software and diagnostics, and stream-
lining manufacturing to double the speed of production.” On page 11, Luiz Peregrino tells us how
the optimum combination of local oscillator frequencies and intermediate frequency bandwidth

was found for these heterodyne counters.

The assignment for the designers of the HP 3457A Digital Multimeter (page 15) was to develop
a new state-of-the-art, top-of-the-line systems multimeter. That meant the highest possible perfor-
mance and the maximum measurement versatility consistent with a competitive price. The HP
3457A is the first DMM from HP to offer 3'%-to-6'%-digit resolution, seven measurement functions,

. extended resolution to 7% digits, and optional built-in scanners. Designed for both automatic
systems and lab bench use, it can take more than 1300 3'2-digit readings per second for high-speed
measurement bursts, or less than one high-resolution reading per second for accurate lab mea-
surements. It's a typical smart instrument, offering the user data processing as well as measure-
ment capabilities.

The first swept network analyzers revolutionized the process of characterizing microwave com-
ponents by measuring and displaying the amplitude and phase of transmitted, reflected, and
absorbed power over a wide range of frequencies almost instantly. Later, scalar analyzers provided
a lower-cost amplitude-only solution to the same problem. HP's latest scalar network analyzer,
the HP 8757A, updates this product line to meet the ever-present need for more accuracy and
versatility generated by continuing advances in RF and microwave component and system designs.
A contribution of the HP 8757A that's sure to be welcomed by many engineers is its built-in limit
lines. No longer do test specifications have to be drawn on the display with a crayon and observed
visually. Other contributions include wider dynamic range, new detectors, more inputs and display
channels, and better software and firmware. The HP 8757A’s designers tell their story beginning
on page 24.

-A.P. Dolan

What's Ahead

Most of the articles in next month's issue will be papers that were presented at the 1985
Hewlett-Packard Software Productivity Conference. Most of the papers deal with tools and methods
for software development that are used internally at HP Divisions. One paper describes HP's
artificial intelligence workstation technology. Also included is an article on a new data acquisition
ROM for the HP-71B Handheld Computer.

The HP Journal encourages technical discussion of the topics presented in recent articles and will publish letters expected (o be ol interest to our teaders, Letters must be brief and are subject
to editing. Letters should be addressed 1o, Edior, Hewlet-Packard Journal, 3000 Hanover Street, Palo Alto, CA 84304, US.A
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Gallium Arsenide Lowers Cost and
Improves Performance of Microwave

Counters

A proprietary GaAs sampling integrated circuit s the basis
for a new family of microwave counters that operate up to

40 GHz.

by Scott R. Gibson

B NTEGRATION of several microwave counter compo-

nents in a single hybrid gallium arsenide (GaAs) circuit,
¥ along with other advances, has yielded a new family of
microwave frequency counters that offer comprehensive
feature sets, high-speed data transfer, optional low-aging-
rate oscillators, extended mean time between failures
(MTBF), and low cost. The family members include the
HP 5350A, which measures from 10 Hz to 20 GHz, the HP
5351A, which measures from 10 Hz to 26.5 GHz, and the
HP 5352A (Fig. 1), which measures from 10 Hz to 40 GHz.

The new counters have a single input to provide resolu-
tion of 1 Hz for input frequencies from 500 MHz to their
upper frequency limits. A second input measures frequen-
cies from 10 Hz to 525 MHz with resolution as fine as 0.001
Hz. A single-synthesizer design and a new measurement
algorithm allow outputs of 80 measurements per second
over the HP-IB (IEEE 488, IEC 625) and tolerate FM devia-
tion on the incoming signal as high as 20 MHz in the HP
5350A and HP 5351A and 12 MHz in the HP 5352A. The
new counters’ sensitivity varies from —25 dBm to —15
dBm, depending on the input frequency.

Besides the GaAs IC and hybrid circuit, engineering con-
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tributions in the new counters include halving the number
of boards used in previous designs, lowering internal
operating temperatures by 80%, achieving a production
hybrid vield of almost 100% by improving matching be-
tween the harmonic generator and the sampler, extending
calibration intervals to as long as five vears, simplifying
the block diagram, designing friendlier software and diag-
nostics, and streamlining manufacturing to double the
speed of production.

Microwave Counter Basics

The fundamental measurement task of a frequency
counter is to indicate the frequency of a component in the
spectrum of a signal. Modulation, noise, or interference
frequently mask the component to be measured. Several
“filtering’” methods can reduce the counter’s sensitivity to
this distortion, but the desired component frequency must
still be measured.

The speed limitations of digital counting circuitry, pres-
ently about 3 GHz, require designers to employ a frequency
translation technique to count most frequencies in the mi-
crowave region (see Fig. 2). The frequency translation

continued on page &)

Fig. 1. The HP 5352A Microwave
Frequency Counter measures fre-
quencies from 10 Hz to 40 GHz
Other members of the same
counter family are the HP 5350A
(10 Hz to 20 GHz) and the HP
5351A (10 Hz to 26.5 GHz)
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Creating Useful Diagnostics

manufacturing, and service.

The diagnostics use the kemnel technique, that is, each diag-
nostic test relies on not more than one untested assembly fo
perform the test. The diagnostics are organized by assembly
The counter is tested in the following order: 1) microprocessor,
2) power supply and time base, 3) multiple register counter
(MRC), 4) synthesizer, and 5) input channels,

The counter has a 24-character alphanumeric liguid-crystal
display (LCD). Previous instruments have been severely limited
in the types of messages they could show. One example s PASS
10. The operator must look up the meaning of diagnostic 10. The
HP 5350/51/52A can display a diagnostic like PASS TIMEBASE A1
D10, which means that the time base on the A1 assembly, diag-
nostic 10, has passed its test. Another feature of the alphanumeric
display is that, unlike 7-segment LEDs, the LCD can form all
letters that counters use, such as Q, Z, and M

The diagnostics include auxiliary function tests, which do not
specifically test any ones assembly, but merely provide a way of
examining the components of the result. Examples are

Diagnostic 2 Display IF
Diagnostic 4 Display LO Fregquency
Diagnostic 5 Display Harmonic Number and Sideband

These tests proved extremely useful during the development
phase of the counter for debugging software and hardware.

The power-up and sell-check diagnostics are used to test each
functional piece of hardware, as well as each input, at least once.

Microprocessor
D43-44 A4

RAM
(1P Board)
D41 Ad D10

Time Base

(Time Base)

HOW D30 A3
(1P Board) |

D42 A4 MRC

(Test Signal)
D3 (AF)

D31 A3

Interpolators

10-MHz signal to MAC is generated by the time base. D7-9 (AF)
35-MHz test signal is generated by the synthesizer. D32 A3
Roex Inch bly o

Dxx Indicates diagnosti

AF ind auxiliary functi Display

D71

Synthesizer

D4-6 (AF)

Keyboard

These tests also check the memory completely to fing
or ROM faults. The power-up and self-check tests are identical
the self-check test allows the operator 1o check the instrument
without having to recycle power

One of the features of the power-up seguence is that it will
flag failing (or missing) boards, but will still allow the user to
continue the power-up sequence and make some measurements
even if some hardware s failling. Previous instruments usually
refused to continue once some power-up failure was found. In
the HP 5350/51/52A, for example, if a failure occurs anthe low-fre-
guency board (Input 2), there is no reason why the operator
cannot proceed with measurements on Input 1. The HP 5350/51/
52A allows the operator to do just that

The numbering scheme for the diagnostics uses the first digit
to identify the faulty assembly and the second digit to identify
the test. The simple PASS/FAIL tests precede more complex tests
within each assembly set. The inference chart shown in Fig. 1
gives the operator an outline of the hierarchy of the diagnostic
set. The chart shows from left to right the order in which the
counter operaies and is tested. If a diagnostic has found a failure,
the operator can usesthis chart to eliminate certain assemblies

Acknowledgments

The HP 5350/51/52A diagnostics were the creation of a team
of design and service engineers—Brian Beasley, Cathrin Callas,
David Clark, Bruce Greenwood, Lisa Stambaugh, and Mark
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IF Amplifier

- D2 (AF)
AS D60-65 A6

Low-
Frequency
5041 Input
D20 A2

Low-
Frequency

1-M{} Input
D21 A2

Fig. 1. Inference chart gives the
operator an outline of the hier-
archy of the HP 5350/51/52A diag-

A7 nostics.
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Fig.2. Frequency transiation of microwave signals for counting.

technique must be deterministic so that counter can use
the relationship between the microwave signal and the
translated signal to calculate the microwave frequency from
the translated frequency. A translation technique that is
particularly well-suited to microwave counters is signal
sampling. Fig. 3 shows a sampling down-conversion block
diagram. In this system, a local oscillator signal, synthe-
sized from a high-stability time base to preserve frequency
accuracy, drives the sampling circuitry. The sampling pro-
duces an intermediate frequency (IF) signal, which the [F
section filters, amplifies, and detects before it is counted
by the digital counting circuitry. The IF and the microwave
signal frequency are related by:

f,=Nf o*fip (1)

where {, is the microwave signal frequency, N is an integer
close to £/t o, fi is the local oscillator frequency, and f;
is the IF signal frequency.

The microprocessaor steps the local oscillator through a
range of frequencies until the IF section detects an IF in
the selected band. The digital counting circuitry then mea-
sures fi. Thus the microprocessor knows the values of f,
and f;p and need only determine N and the sign to calculate
f,, the frequency of the microwave signal.

To determine N, the microprocessor shifts the LO fre-
quency slightly (by Af) while maintaining the signal in the
IF passband. In this case N is constant and can be computed
by

N = | f”I-]/_\‘_ff”rz I (2)

where fj;-; and f;z, are the two IF signal frequencies. The
processor determines the sign by noting whether the [F
frequency shift direction is the same as that of the LO

Microwave

Signal
= =N

Digital
Counter

LO Micro-
Synthesizer < processor
Display/
Keyboard

Fig. 3. Sampling microwave counter block diagram

Sampler IF Section
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Sampler Circuit

Microwave

Signal — Output
A
I
Sampler Drive
Fig. 4. Sampling by gating.
frequency shift, or the opposite (same= —, opposite= +).

In the new counter family, a single programmable synthe-
sizer provides the LO signals used in down-conversion and
for N and sideband determination. This system dramati-
cally reduces the complexity and part count over previous
designs.” The use of the 114th harmonic of this synthesizer
to resolve 1 Hz in one second at 40 GHz attests to its excel-
lent phase purity.

Understanding Sampling

In a sampling down-converter (see basic block diagram,
Fig. 4), a transmission line delivers the unknown micro-
wave signal, which is injected into a sampling or gating
circuit. The designer can control the length of time the
sampling gate is closed (7) and the time between closings
(T).

We can model the gating operation as:

y(t)=x(t)g(t) (3)

where x(t) is the microwave signal, g(t) is the conductance
of the sampler gate, and y(t) is the output of the sampling
circuit. For periodic signals, Fig. 5 shows the waveforms
graphically.

If we assume that g{t) alternates between zero and K,
then the Fourier series representing g(t) in the frequency

domain is:?
. /\ /\

]
H

=

glt) _ﬂ 4”_

| |7

o

y(t) —ﬂ n—

Fig. 5. Sampling actien. x(t) is the microwave signal, g(t) is
the conductance of the sampler gate, and y(t) 1s the output
of the sampling circuit
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The manufacturing of the HP 5350/51/52A is iaster and easier
than that of any previous microwave counter. The key factors
are fewer parts and greater integration of camponenis. The hy-
brid, for example, is over 70% more integrated than earlier de-
signs. This has greatly reduced the number of bonds. Locating
the step-recovery diode inside the hybrid has eliminated the
need to adjust this critical interface. Another bonus is that none
of the printed circuit assemblies requires any special processing
on the subassembly ling, nor is much soldering done on the final
assembly line.

Minimum hardware was a manufacturing goal. Agood example
involves the five TO-220 packages on the motherboard. They
are held in place during machine soldering by a fixture. Then,
during final assembly, these five devices are clamped by only
three pieces of hardware to the card cage. The card cage pro-
vides both heat sinking and structural support, in addition to its
main function as card cage for four printed circuit assemblies.

The electrolylic capacitors presented still ancther opportunity
for pruning. The large electralytic capacitors on the motherboard
for the power supply have studs that can be soldered directly
onto the board during machine soldering, rather than having to
be installed on the final praduction line with screws. This saves
over 16 pieces of hardware, not to mention time and labor.

The liquid-crystal display (LCD) mounting struclure is very easy
to build with the assistance of an assembly fixture. The fixture
and the display are designed to minimize LCD assembly errors;
Using the fixture ensures proper alignment and uniform pressure
around the entire display. Once the display is fitted togsther, it
can be tested before any screws are in place. After testing, the
unit is easily fastened together with the fixture providing screw
alignment. Power drivers provide a fast, accurate way of maintain-
ing the specified torque level.

Another factor that oftens boosts the cost of manufacturing is

Manufacturing Advances

work in process (WIP). On the final assembly ling, three to five
days of WIP are created by running the units in a heated chamber
To reduce WIP, manufacturing coordinated with quality assur-
ance and decided to test the units during the heat run. During
this time, the counters are continually cycied through one of the
self-test diagnostics. The instrumenis are conirolied and moni-
tored over the HP-IB (IEEE 488). If a unit fails, the time into the
test is logged. The data will be analyzed with a view to minimizing
the heat run period and thereby reducing WIP.

To eliminate the possibility of labels being applied incorrecly,
the label information is silkscreenad on the rear of the instrument.
The serial number fabel is the only one applied to the exterior,
At the other end of the package. the keyboard has 17 keys with
only two different keycap styles. These keycaps do not have any
markings on them. This ensures a very simple, easy-to- assemble,
low-cost keyboard.

Finally, leverage in design and volume was obtained by using
the package of a previous product.

As a result of these manufacturing methods, production time
of the HP 5350/51/52A is half that of previcus products of similar
complexity.

Acknowledgments
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Glf) = 2 Krigsinc(Nford(f-Nfig)  (4)

Nie—

where f;, is the sampling frequency (1/T). This has the
familiar graph shown in Fig. 6a. Now if x(t) is a single-fre-
quency microwave signal of amplitude A, then it can be
represented in the frequency domain as shown in Fig. 6b.

Since the sampling action was modeled as multiplication
in the time domain, it is modeled as convolution in the
frequency domain:

Y(f) = G{f)*X(f) (5)
where * denotes the convolution function

L{f)}=M(f) = [ = L{r)M(f —r)dr (6)

Carrying out this convolution graphically we get the re-
sultant output frequency function Y(f) as shown in Fig. 7.

Since we want to translate the microwave signal to a
frequency in the range of the digital counting circuitry, we
select a sampler output frequency component with a low-pass
IF filter. We also want to do the translation with minimum
signal loss (maximum conversion efficiency), so we op-

0 f
(b)

Fig. 6. (a) Frequency-domain representation G(f) of the sam-

pling function g(t). (b) The microwave signal in the frequency

clomain,
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Fig. 7. The sampled microwave signal in the frequency
gomain

timize the gating function to maximize the amplitudes of
the spectral components in the frequency range we want
down-converted.

If we pick the IF filter bandwidth to be half the sampling
frequency {, ,= 1/T, then the filter will pass only the output
component generated by convolving the microwave signal
with the nearest sampler gating function component.

To optimize the conversion efficiency, we first look at
the envelope of the sampler gating function spectrum:

G.(f)] = K7 i glsinc(fr)] (7)
At low frequency, the envelope amplitude is
|G(0)| = K7 f (8)

and the first amplitude zero is at f=1/7. Suppose the
amplitude of the translated signal must be greater than
some value A’ to maintain an adequate signal-to-noise ratio
for proper frequency counting. If we know the gate's on
conductance K and the gating frequency f, , we can vary
the gate time 7 to vary the envelope of G(f) and the conver-
sion efficiency, as shown in Fig. 8. Using this technique,
we can oplimize signal sensitivity for a particular micro-
wave counter bandwidth.

Down-Conversion with GaAs

A distinguishing feature of the HP 5350/51/52A down-
conversion system is the use of a proprietary GaAs sam-
pling IC developed at HP's Microwave Technology Divi-
sion. This circuit is shown in Fig. 9.

In thiscircuit, the LO sampling pulse is split and opposite
phases are applied to the GaAs IC. Assuming no microwave

4 1Getf)]

L f

max 2 1max 3

f

f

max 1
Fig. 8. The effect of gate time r on the sampler frequency

response. |G.(f)| is the envelope of the sampler gating function
specirum
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input signal, the rising edge of the pulse charges capacitors
C1 and C2 to the peak pulse voltage through the sampling
diodes D1 and D2. Then, as the LO voltage returns to ground
potential, the stored capacitor potential falls across the
diodes, reverse-biasing them. Resistors R3, R4, and R5 serve
to discharge the capacitors slowly by bleeding current
around the reverse-biased diodes. Now, when a second set
of LO pulses arrives, the diodes again become forward-
biased, provided that the pulse peak voltage is greater than
the negative self-bias on the diodes. So, with a triangular
LO pulse shape, one way to control the sampling time [the
diode conduction time) is to adjust the diode reverse bias
with resistors R3, R4, and R5. Resistors R1 and R2 simply
terminate the microwave input transmission line in its
characteristic impedance.

Suppose, then, that a positive voltage is present at the

Cc3
Microwave

bpa Output

(a)

Fig. 9. (a) Sampler circuit with pulse generators. (b) GaAs .

sampler
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The HP 5350A/51A/52A family of microwave counters incorpo-
rates a new HP-developed power transformer that empioys a
modular bobbin and detachable leads. While the configuration
¢t the windings and the laminated E-| core is similar to those of
traditional transformers. the lead connection scheme and bobbin
have been redesigned to improve manufacturability. The salient
features of the new design are vanable-height dual concentric
bobbins and a piggyback printed circuit board. The primary and
secondary bobbins (see Fig. 1) consist of top and bottom end
caps and side pieces that can be varied to provide exactly the
required stack height for a given lamination size (1% inches in the
new counters). The end caps can be common to all transformers
of the same lamination size, which leverages the tooling.

The printed circuit board mounted to the top of the transformer
(see Fig. 2) connecis the |leads to the windings. The ends of the
windings are brought out during the winding process and left
hanging. Then, after the core is built up, all the loose ends are
wave-soldered to the board along with connectors for the primary
and secondary leads. The board is common to all transformers
of the same |lamination size.

Length of primary and

secondary bridges can be
hanged to date

varying stack heights.

Fig. 1. Power transformer bobbin construction.

A New Power Transformer

No soldering is needed within the windings. Not only does this
improve quality and speed assembly, it also eliminates the major
cause of field failure. In addition. the amount of taping necessary
during winding is greatly reduced. The leads are separable from
the transformer, which eliminates nicked and mislabeled leads
as a cause of scrapped transformers. The dual bobbins allow
the primaries and secondaries to be wound separately, reducing
the number and complexity of the winding machine setups

These innovations result in a lower scrap raie, higher guality,
and a transformer cost reduction of 45%.

Acknowledgements
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Magnet Wire
Termination Primary
Board Connector

Secondary
Connector

Stack

Fig. 2. The printed circuit board mounted to the top of the
transformer connects the leads to the windings

Bo Garrison
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microwave input to the IC. When the LO pulse is present,
the total current flowing through D2 is slightly more, and
the total current flowing through D1 slightly less, than if
no voltage were present at the microwave inpul. Therefore,
capacitor C2 is charged slightly more and capacitor C1 is
charged slightly less than if no voltage were present at the
input. So a signal voltage appears across the capacitors and
causes currents to flow through resistors R3 and R4 and
capacitors C3 and C4 to the input of the IF preamplifier.
If the input signal is negative, similar operation causes the
opposite-polarity signal to appear at the output.

If the microwave input signal frequency is an even har-
monic of the sampling rate, the same voltage appears at
the input each sampling period, and the output of the cir-
cuit is a constant voltage. If the microwave frequency is
different from an even harmonic of the sampling frequency
by an offset f;p, then phase accumulation causes the voltage
sampled to vary with time, producing the IF signal equal
to fjp.

Harmonic Generator
Producing a narrow pulse for driving the sampling circuit

FEBRLARY 1086 HEWLETT-PACKARD JOURNAL 9
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Fig. 10. Pulse generating circuit based on a step-recovery
diode

is central to the proper operation of the down-conversion
system. The width of the pulse (sampling time) is directly
related to the down-conversion frequency response: the
narrower the pulse, the flatter the frequency response, but
the greater the conversion loss (see equation 7). A step-re-
covery diode pulse generator fulfills the requirements well.
The circuit of Fig. 10, driven by the local oscillator signal,
produces large negative-going pulses of very short duration
at the LO frequency. The simplicity of the circuit allows
the generator to be integrated inside the sampling hybrid
along with the GaAs IC. This eliminates the difficulty and
cost of passing a second microwave signal into the hybrid.

Physical Configuration
The averall goal of the down-conversion system is

maximum reliability and performance over the bandwidth

of interest, along with minimum cost. A single hybrid pack-
age contains all the microwave circuitry, so there is only

a single microwave connector for the microwave input sig-

nal. The package is designed to have as few tight machine

tolerances as possible for ease of manufacture. One can
quickly remove the package cover and all components are
easily accessible for repair.

Both Si and GaAs designs were evaluated during the
development of the down-conversion svstem. GaAs gave
better performance for a number of reasons:
® [ower parasitic capacitance in the sampling diodes re-

duces the allowable sampling time and increases high-

frequency performance,

® Beam-lead device integration reduces the number and
complexity of electrical bonds for lower assembly cost,
higher reliability, and easier repair.

m Integration of resistors and capacitors along with the
semiconductor devices reduces substrate complexity
and cost.

m The high-barrier GaAs diodes increase the dynamic
range of the sampler over Si medium-barrier diodes.
Inside the package (see Fig. 11), a thin-film substrate

provides support for the beam-lead diodes of the GaAs

sampling circuit and three types of transmission lines. The
microwave signal travels through the microwave connector
into the hvbrid package. Once inside, a transition to copla-
nar waveguide guides the signal to the input of the IC. The

LO signal comes through the package wall on a simple

feedthrough pin. From there a short bond wire carries it

past matching capacitor C_, to drive inductor Ly, which is

a long bonding ribbon. On the end of the inductor wire is

a microstrip transmission line which is also connected to

the step-recovery diode D3 with a small bonding wire, The

narrow pulse generated by this circuit travels along the

10 HEWLETT-PACKARD JOURNAL FEBRUARY 1986

Fig. 11. Packaged sampler with cover removed

microstrip line past a tightly coupled slot transmission line
to the terminating resistor. The slot line conveniently car-
ries the pulse voltage wave to the IC for sampling. The two
unfiltered outputs of the sampling circuit leave the hybrid
package through two feedthrough pins connected by a pair
of bond ribbons.

Outside the hybrid, the signals add in an IF preamplifier,
which increases the signal level to reduce its sensitivity to
noise. The IF assembly establishes the noise bandwidth
with a very sharp-cutoff elliptical filter and amplifies and
limits the IF signal to bring it to the required level for the
digital counting hardware. The IF assembly also detects
the presence of the IF signal in the required frequency band
to notify the microprocessor that an IF exists to count.
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Optimum Solution for IF Bandwidth and LO
Frequencies in a Microwave Counter

by Luiz Peregrino

receiver and a low-frequency counter to measure

the receiver IF. The microwave receiver must have
enough range to cover the input signal frequency range,
and an IF amplifier wide enough to preserve any modula-
tion present in the input signal. Furthermore, the harmonic
number and sideband must be determined to compute the
frequency of the input signal. This paper presents an op-
timum solution to the problem of determining the IF
bandwidth and the local oscillator frequency range for the
microwave receiver. The optimum solution was obtained
by reducing the problem to linear programming.

n MICROWAVE COUNTER consists of a microwave

Heterodyne Microwave Receiver Model

In a heterodyne microwave receiver counter, we deter-
mine the harmonic number and sidebands by applying a
small frequency deviation, Af, to the local oscillator fre-
quency.

Assuming that for the two values of the local oscillator
frequencies, f;, and f;  + Af, the intermediate frequencies
remain within the IF amplifier bandwidth and result from
the same harmonic number and sideband, we can derive
two sets of two equations, one for each sideband (plus or
minus sign):

fy=Nfo*fip
fo =N(fyo+Af) = (fip + Afyg)
Solving, we get the harmonic number N, the sideband
(+ or —), and the unknown frequency f,. Because the har-

monic number N is a positive integer, we can eliminate
part of the measurement errors and get:

H= %N =ROUND(Af/Af)

where ROUND means round to the nearest integer.
Using H as defined above, we get:

fo=|Hf o —fiel
The problem is to determine the proper local oscillator
frequencies, the local oscillator frequency variation Af, and
the IF bandwidth that ensure that the previous assumptions

are satisfied.
A simplified block diagram of the receiver is shown in

___'=_- Harmonic Low-Pass
Mixer Filter

fLQ

M IF Amplifier Counter

Fig. 1. In the simplified block diagram, it is assumed that
the low-pass filter following the harmonic mixer is fixed,
with its cutoff frequency set at half the maximum local
oscillator frequency. This ensures that, for any value of the
input frequency f,, there will be a signal at the input of
the limiter. This guarantees that the counter will measure
the strongest signal when several are present.’

The IF amplifier frequency response is shown in Fig. 2.
The bottom and top parts of the IF amplifier frequency
range are allocated to preserve any modulation present in
the input signal. We will denote the width of the part
allocated to the modulation as fg;, for frequency guard band.
We will consider a signal to be in the IF amplifier band if
the carrier frequency (center frequency) is between the IF
frequencies indicated as min(f;:) and max(fy:) in Fig. 2.

System Equations

The next step is to derive the relations that the local
oscillator frequency f; ., the input frequency f,, the IF fre-
quency fiz, and Af must obey. For this purpose we will
proceed as though there were two receivers—one with local
oscillator frequency f; ¢, and the other with local oscillator
frequency f,,+ Af. Furthermore, a synthesizer generates
both local oscillator frequencies, so they can be set only
to integer multiples of a quantization frequency f,, result-
ing in:

fLU = qu
Af=Kig

where M and K are positive integers.

To simplify our notation, we will use a + over a variable
name to denote the maximum of the variable and a = over
a variable name to indicate the minimum of the variable.
For example, max(f)=f and min(f) =T,

In reality, there is only one microwave receiver, and the
local oscillator frequency is switched between f,, and
f; o+ Af. This could cause errors in the determination of
the harmonic number and sideband because the IF frequen-
cies are not determined at the same time. For a solution to
this problem, see references 2, 3, and 4.

Assuming for the time being that the local oscillator fre-
quency is continuous, we can determine f, as a function
of the local oscillator frequency using harmonic numbers
and sidebands as parameters as shown in Fig. 3 for two

Fig. 1. Heterodyne microwave re-
ceiver counter. f, is the unknown
input frequency to be measured
and f, o is the Incal oscillator fre-
quency
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harmonic numbers, N and N+ 1. The two sets of parallelo-
grams in Fig. 3 indicate the ranges covered by the receivers
for different sidebands and harmonic numbers. Because
the signal must be received by both receivers, the actual
range covered is the intersection of the two ranges, shown
shaded in Fig. 3. From this graph we can determine most
of the conditions that must be satisfied by computing the
edges of the parallelograms:

1. Minimum input frequency Ex:
§x= S’I{ELO"”AH — 4y (1)

2. No gap in frequency coverage while changing from lower
to upper sidebands:

Niyo— fpr=N(iyo+ A + i (2)

This inequality must be true for all harmonic numbers N,
but it is easy to verify that if it is true for the minimum
harmonic number N, it will be true for all N.

3. No gap in frequency coverage while changing from har-
monic number N to N+1:

Nf, o+ Fp=(N+1)(fLo+AF) — fip (3)

Again, it is easy to verify that if the aboye inequality is
true for the minimum harmonic number N, it will be true
for all harmonic numbers.

4. No overlap in coverage between the lower and upper
sidebands for the two different local oscillator frequencies,
f, o and f, o +Af. This will guarantee that in both receivers
the same sideband generates the IF. This is ensured by:

Niyo + fr>N(f o+ A — fip

We can reduce this inequality further, resulting in an upper
limit for the harmenic number:

N<2f /Af (4)

5. No overlap in coverage for different harmonic numbers
with the two different local oscillator frequencies, f; and
f, o+ Af. This will guarantee that for the two different local
oscillator frequencies, the same harmonic number gener-
ates the IF. This gives the inequality:

(N+ D)o Feo>Nifo+ AN + fie

This inequality imposes one more limit on the maximum
harmonic number:

(5]

Fig. 2. IF amplifier frequency response. The guard band [
is allocated to accommodate madulation on the input signal.
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Now, let us examine the conditions that must be satisfied
so that the intermediate frequencies for both values of local
oscillator frequencies remain in the specified IF band-
width, that is, in the range f to f;;. For this purpose, let
us assume that the two intermediate frequencies generated
by the local oscillator frequencies f; and f;o+ Af are as
shown in Fig. 4.

The first obvious condition is that the IF frequency re-
sponse must have a lower cutoff frequency greater than
zero, giving the relation:

i —fc>0 (6)

Now, let us assume that the input signal frequency varies,
and that to maintain it in the desired bandwidth we change
the local oscillator frequency by the minimum allowed
value fq. This causes a change in both IFs in one direction
or the other of Nf,. The worst case, when one of the IF
signals is on the edge of the specified limits, gives the
relation:

Upper Sideband
Harmonic = N+1

Lower Sideband
Harmonic = N+1

Upper Sideband
Harmonic = N

Input Frequency f,

Lower Sideband
Harmonic = N

1
I
I
|
I
I
1

|
1
|
I
|
|
|
I

2 ]
f:.c_!l fLol
fuot+af
Local Oscillator Frequency

Fig. 3. Ranges of input frequencies covered by local oscil-
lator frequencies f, 5 and f, 5+ Af for two harmonic numbers,
N and N+ 1. The shaded area shows the ranges covered by
both LO frequencies.
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.\YAf + quq E]F o E".'

This imposes one more limit on the maximum harmonic
number:

e fn-' § i{r

AR S

Q

Next, let us derive a relation that guarantees no inter-
modulation in the limiter caused by IFs generated by the
different harmonic numbers. This can be achieved by forc-
ing the undesired IF to be higher than the cutoff frequency
of the low-pass filter following the sampler. In this case
we must include any frequency spread because of fre-
quency modulation present in the input signal, that is, we
must consider the full span of the IF amplifier including
the guard band. The worst case is for the minimum local
oscillator frequency and maximum IF and is given by:

EL(J_[ELF“qu]}fLu*’Z (8)

To ensure that we always receive the maximum-
amplitude signal, we must have a signal at the input of the
limiter for at least one of the local oscillator frequencies
and for all possible values of the input signal frequency.
The worst case occurs when the input frequency f, is close
to one of the harmonics of the local oscillator, specifically
halfwav between Nf, and N(f;, + Af), resulting in the re-
lation:

f, <NAf/2 (9)

where f, is the low-frequency cutoff of the limiter amplifier
(that is, the limiter amplifier doesn’t need to go all the way
down to dc).

Linear Programming and Analytical Solutions

All the inequalities derived so far can be considered as
the constraints in a linear programing problem.” To solve
the equations subject to the constraints, a computer pro-
gram called LINPRO was used, This program is available in
the business section of the HP Timesharing Library.

To gain insight, a simplified analvtical solution to the
problem was also derived. With proper choice of param-
eters, the problem reduces to two dimensions, which can
be very easy visualized. It will be assumed that the
minimum unknown frequency, the guard band f;, and the
offset frequency Af are given, and we are solving for the
other parameters.

To obtain the analytical solution, inequalities 1, 2, 3, and
8 derived above were used and the IF bandwidth was

- - NA - - -

-
fe T fiez fie

Fig. 4. IF response with two signals representing the mixed-
down signals for the two LO frequencies f o and f, o+ Af,

maximized. Then, the maximum harmonic number ’:. was
determined as function of Af + f; and all the other relations
were checked. C

Determining f; in the equation for {, {equation 1), and
inserting the result in the next three inequalities, we get:

le:' = fLO g .lf Ly 2{1;‘-}\‘
1-N
N

21,
X

[ o]

fio= (T o+ Af)+

fio=< 20-N)f o+2(F, —fc—NAf)

In the coordinate system determined by the variables fu_,
and f;, each of these inequalities divides the space into
two regions—one in which they are satisfied and one in
which they are not. The intersection of all the regions where
the inequalities are satisfied is the region of all possible
solutions and is denoted as the feasible region, that is any
point in this region could be used as a solution giving a
specific value for f; 5 and f,. In Fig. 5 we show all these
regions, with the feasible region shown shaded.

At this point, it should be emphasized that there are no
feasible solutions for N<2.

To obtain the maximum [F bandwidth solution, we plot
the line equation for constant IF bandwidth and select any
point on this line inside the feasible region. Then, we move
the constant bandwidth line, in the direction of increasing
bandwidth, up to the point where there would no longer
be a feasible solution for any point on this line. The last
point of contact of the constant bandwidth line and the
feasible region determines a feasible solution with
maximum bandwidth.

Maximum LO Frequency f, o

Minimum LO Frequency f, o

Fig. 5. The shaded region is the region where all of the linear
programming inequalitios are satisfied. Any point in this region
can be used as a solution, giving values for f,nand f 5. The
optimum. solution is found by manipulating the variables
shown,
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A line through the point [ELU =0, im= 0) represents a
constant tuning range for the local oscillator. To obtain a
minimum tuning range, we rotate this line in the direction
of reducing slope. The last point of contact between this
line and the feasible region determines a feasible solution
with minimum tuning range. .

Decreasing the minimum IF frequency f;, we can further
reduce the tuning range of the local oscillator and increase
the IF bandwidth. The optimum solution obtained gives
the minimum local oscillator tuning range and the
maximum [F bandwidth, which is equivalent to maximiz-
ing N for the given Af and fa.

Solving for the optimum solution we get:

F]Fz _‘N_ (fe+Af)
N-—1

fm= —2 [ix_ i:r-'] —Af
2N
a - ’ 2 L 4
flo=flot = fip+Af
N

i:f:f(]{hu*‘ﬁf]_ix

This system of equations gives an optimum solution as
a function of the minimum frequency of the input signal
f,. the desired amount of guard band f,, and the local oscil-
lator offset Af. The local oscillator frequencies can be set
only at multiples of the quantization frequency fq, and the
only valid answers are the quantized feasible solutions.
This is a harder problem, but we can perturb the solution
obtained above to get a quantized solution. This was done
by solving the set of equations to obtain:

2N—-1 «
(I, o+ Af)

f]}-' i ix =

2N—-3

2

[%LO +Af)

?113 = .Ex =

I%JF = hf“i‘],(_']"' Af) - i—x

fL::N:T%lF_Af
N

To find a quantized solution for this system of equations,
all that we have to do is perturb f,, and f, in the desired
direction to obtain multiples of f, since Af is a multiple
of fg.

After determining the local oscillator frequencies, one
final refinement was made. Since. depending on harmonic
number, the LO frequency can change in steps larger than
fo. we can eliminate the unnecessary frequencies. This was
done by deriving formulas for coverage for each specific
LO frequency and maintaining only the essential ones.
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Seven-Function Systems Multimeter
Offers Extended Resolution and Scanner

Capabilities

This new 3'/2-to-6"/>-digit DMM measures frequency and
period as well as dc and ac voltage, dc and ac current,
and resistance. Extended resolution provides an extra digit.

by Scott D. Stever, Joseph E. Mueller, Thomas G. Rodine, Douglas W. Olsen,

and Ronald K. Tuttle

NEW DIGITAL MULTIMETER (DMM), the HP

3457A Multimeter (Fig. 1), is designed to provide

both bench and systems users with the highest pos-
sible performance and the maximum measurement versatil-
ity consistent with a very competitive price. System fea-
tures such as an easy-to-use multimeter language, program-
mable front and rear input terminals, and front-panel access
to virtually all of the HP-IB (IEEE 488/IEC 625) commands
for convenient test program debugging, help improve
throughput in automatic test system applications. Reading
rate, an important parameter for a systems multimeter, can
be traded off with measurement resolution.

In the HP 3457A, more than 1300 readings per second
can be converted to £3000 counts, or more than 1200 read-
ings per second can be converted to +30,000 counts with
a 100-us sample aperture. For measurements where rejec-
tion of 50 or 60-Hz noise is critical, 53 readings per second
can be converted with 0.33-ppm resolution. More noise
attenuation can be achieved by further slowing the conver-
sion rate, still maintaining greater than 160 dB of effective
common mode noise rejection,

For applications requiring precise measurement pacing,
the HP 3457 A lets the user set the interval between multiple
readings taken from a single trigger. This internal timer
capability is particularly useful for waveform sampling and
digitization. The timer is settable to 0.02% accuracy in 1-us
increments. This function is performed by the system mi-
croprocessor, and jitter on the timer interval is limited to
a negligible 2 ns.

The ability to reprogram the multimeter rapidly is an
important consideration for a systems instrument. In situ-
ations where the multimeter is used with a scanner, it is
common to require a different function and range for each
channel. The HP 3457A has a special programming mode

for these applications, enabling it to change function and
range and take a reading up to 30 times per second.

The HP 3457A offers seven functions: dc and ac voltage,
dc and ac current, resistance, frequency, and period. The
24-hr dec accuracy on the 3V range is =5.5 ppm. To broaden
the range of applications, several functions have a greater
measurement capability than is normally found in similar
instruments. For example, resistance measurements can be
made to 3 G} and useful dc current measurements can be
made down to 100 pA. The ac voltage function has full-
scale ranges as low as 30 mV and is specified to 1 MHz.

The HP 3457A’s 2000-byte internal memory can be par-
titioned between reading, subprogram, and state storage.
In addition, up to 11 complete setups can be stored in a
nonvolatile state memory for easy reconfiguration.

Statistical functions such as mean and standard deviation
are part of the built-in math routines. Other routines include
thermistor linearization, pass-fail limit testing, dB. dBm,
scale, offset, and single-pole digital filters. The rms math
function aids low-frequency ac voltage measurements.

The HP 3457A is programmable via the HP-IB. A VOLT-
METER COMPLETE output and an EXTERNAL TRIGGER input
are useful for synchronizing other test instrumentation
with the DMM. The HP 3457A also features a set of new
easy-to-use program commands that will allow today’'s soft-
ware to be used with tomorrow's DMMs, The commands
form a core language called HP-ML (HP Multimeter Lan-
guage).

Autocal

Two HP 3457A functions, ac volts and the 3-Gf resis-
tance ranges, use an autocalibration feature to improve their
accuracy under changing environmental conditions. This
feature, which requires no external standards, can be ini-

Fig. 1. The HP 3457A Multimeter
i1s designed for both bench and
systerns use. Reading rate can be
traded off with measurement reso-
lution. Seven functions provide
versalility

FEBRUARY 1086 HEWLETT PACKARD JOURNAL 15

© Copr. 1949-1998 Hewlett-Packard Co.




—o..—, —_—
E.
FAARN 104

150 pF

Fig. 2. Common mode current flow in a floating voltmeter
such as the HP 3457 A

tiated from the front panel and is also programmable. Auto-
cal corrects both gain and offset errors for the extended
ohms function. In the case of the ac functions, Autocal
recompensates the input attenuator for flat frequency re-
sponse and nulls out de offsets in the input amplifier for
better dc accuracy. However, it does not correct for mid-
band gain changes. This must be done using the electronic
calibration process along with an external standard.

Noise Rejection

An important consideration in making precision mea-
surements is the effect of power-line-related noise on the
measurement. An unwanted noise voltage, shown as e, in
Fig. 2, can result from a 50-Hz or 60-Hz voltage that is
common to both input leads. This occurs because of a voli-
age divider action between the impedance from instrument
LO to ground (C2) and the resistance in the LO input lead,
R1. Guarding is one way to reduce the effect of the LO-to-
ground impedance.' In a guarded voltmeter, an additional
sheet-metal structure is placed between the analog circuitry
and chassis ground. It is almost unavoidable that the
capacitance between this shield and the chassis is very
large, on the order of 1000 to 2000 pF. When the guard
terminal is used properly (Fig. 3a), this large capacitance
is not a serious protiem since the noise current does not
flow through the measurement loop. However, the most
common arrangement is to leave the guard connected di-
rectly to the LO terminal. For example, this may be neces-
sary when scanning several signals that do not have a com-
mon guard point. This situation is commonly encountered
in data acquisition applications. Unfortunately, connecting
the guard to LO causes the large guard-to-ground capaci-
tance to appear between ground and LO. Fig. 3b depicts
this situation; the LO-to-ground capacitance is approxi-
mately ten times larger than it would have been without
the guard. In this case, the noise voltage e, is also ten times
larger than it would have been without the guard.

In the HP 3457A, considerable thought was given to
minimizing the stray capacitance from the isolated analog
measurement section to chassis ground. The result is a
typical capacitance of 150 pF. Referring to Fig. 2 and using
C2 = 150 pF and R1 = 1 k), the effects of e, are reduced
by about 86 dB at 60 Hz. Thus, low capacitance to ground
allows the HP 3457A to have very good rejection of ac
common mode signals even though it is not fully guarded.
The inherent normal mode rejection of an integrating volt-
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meter further improves this performance. For example,
with a 10-PLC (power line cycle) integration time, the effec-
tive common mode rejection ratio (the sum of ac common
and normal mode rejection) is 156 dB. This means that a
50Vac, 50 or 60-Hz common mode voltage will only result
in 1 ¢V of noise when integrating over ten PLCs.

High-Resolution Mode

While the front-panel can display 62 digits (+ 3,000,000
counts), a seventh digit is available. This extra digit is
continuously written into a math register when using the
longer integration times (10 or 100 PLC). To access the
seventh digit over the HP-IB, the user can recall the high-
resolution math register (HIRES). Since this register is al-
ready scaled, it can be added directly to the current reading
to get a 7'-digit measurement. Fig. 4 shows typical 3V-
range noise for 7v2-digit readings.

Scanner Options

To add versatility, the HP 3457 A has provisions for field-
installable input multiplex options. Two different cards
are available, an armature relay multiplex card and a reed
relay multiplex card. The HP 44491A armature relay mul-
tiplex card (Fig. 5) offers eight two-wire channels that can
be configured from the front panel or under program control
as four four-wire channels (for resistance measurements)
or any combination of four-wire and two-wire inputs. The
input channels have a maximum switching and measure-
ment speed of 33 channels per second. Two other channels

Q

Ccm x‘_h Guard
s ,...r—'— c3
———
(a) o
HI o I

O S N
i
— Em
B R1

1000 to 2000 pF

Fig. 3. (a) The correct way to connect the guard terminal to
shunt the common mode current away from the LO lead. (b)
The most commonty used guard connection,
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3Vdc Range
7'2-Digit Noise
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Fig. 4. Histogram showing typical HP 3457A seventh-digit
noise performance.

are available that can be configured as either ac or de cur-
rent inputs or as actuators able to switch 1.5A at 250Vac
or 1.5A at 30Vdc.

The HP 44492A reed relay multiplex assembly offers ten
two-wire channels able to switch up to 125V peak at a rate
of 300 channels per second (see Fig. 6).

Analog-to-Digital Converter

System DMMs must meet stringent measurement re-
quirements and provide great flexibility, HP's Multi-Slope
Il conversion technique' is unequaled in its ability to re-
spond to these needs. Speed, resolution, and noise rejection
can be traded off as the measurement situation dictates.

Development of the analog-to-digital converter (ADC),
and indeed of the entire instrument, relied upon the use
of available, proven technology that could be adapted or
enhanced to meet our needs. Multi-Slope Il conversion is
implemented using the hybrid converter hardware de-
veloped for the HP 3468A and 3478BA Multimeters.” All of
the fundamental integrator reference (slope) currents are
provided by the hybrid. MOS switches for current source
selection and some control logic are also included in the
hybrid. Enhancements to the analog and digital hardware
along with refinements to the measurement algorithms ac-
count for most of the HP 3457A’s increased measurement
speed and resolution.

Fast decision times are critical to increasing both conver-
sion rate and measurement resolution. An 8051 microcom-
puter controls both the measurement setup and the ADC.,
Clocked at 12 MHz, the 8051 allows the ADC hardware to
run at 2 MHz. The 0.5-us cycle times and rich instruction
set of the B051 allowed us to realize a significant improve-
ment in decision times. The 8 x8 hardware multiply al-
lowed the measurement calibrations to be overlapped with

the conversion, vielding further speed improvements.

Although the HP 3457A uses the same ADC hybrid as
the HP 3478A. the similarities stop there. The converter is
actually closer to that of the HP 3458A° with some hardware
enhancements, To improve decision times further. logic
external to the microcomputer was added. Part of the count-
ing and Multi-Slope II run-down slope control functions
were offloaded from the microcomputer. To maximize con-
version speed it is critical to spend a minimum of time in
run-down. Run-down is the interval after the input voltage
has been integrated (see Fig. 7). To minimize run-down
time, it is important not to permit the integrator to overrun
a zero crossing too far. Every microsecond of overshoot
will require 10 us at the next smaller slope (1/10 the previ-
ous slope) to return to zero. To involve the microcomputer
in these zero-crossing decisions would quickly add tens of
microseconds to the run-down conversion time.

The input voltage is integrated during the run-up phase
of the conversion cycle (see Fig. 8). Unlike dual-slope con-
version, Multi-Slope IT actually starts converting the an-
swer in the run-up phase. For the run-up interval, the 8051
microcomputer has active control of slope decisions.
Slopes in run-up are quantized in fixed increments of time
and the 8051 keeps track of the total time spent in each
slope direction. During run-down, however, the slope con-
trol is performed by synchronous logic clocked by the same
2-MHz signal as thetime interval counter (see “Frequency

b | St
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Fig. 5. HP 444391A Armature Relay Multiplexer schemalic
diagram
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Fig. 6. HP 44492A Reed Relay Multiplexer schematic dia-
gram

Counter Technique,” page 19). Slope times are accumulated
in a 20-bit counter enabled selectively from several sources
as needed. The time interval counter consists of one of the
microcomputer’s internal 16-bit counters prescaled by a
microcomputer-readable external 4-bit counter clocked by
a phase-stable 2-MHz signal. Thus, the run-down slope
times are quantized and measured in 0.5-gs increments,
and a minimum of slope overshoot is maintained. Initiation
of a run-down slope and the selection of the slope mag-
nitude are still performed through microcomputer inter-
vention. After completion of each run-down slope, the ex-
ternal counter is read by the 8051 and the result is accumu-
lated with the appropriate scale factor. Run-down converts
the three least-significant internal ADC digits with a total
measurement overhead of only 150 us.

As previously mentioned, the HP 3457A's ADC is very
similar to that of the HP 3456A. It was necessary to increase
the speed of the analog circuitry to support operation at
the higher conversion rates. Less time is allowed for circuit
settling, so error sources had to be minimized. A primary
source of ADC dynamic error is dielectric absorption from
the integrator capacitor. This can be a limiting factor in

-—S4=-8
S2=-5/10
P . $1=5/1000
— r“‘""""‘-—-__ / |
L4
\SS:SHO Zero Crossing

Least-Significant Digit

150 pys ——————— =

Fig. 7. The Multi-Slope Il A-to-D technique used in the HP
3457A DMM uses four slopes during the rundown period to
determine, in succession, the four least-significant digits of
the final reading.
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Fig. 8. During the integration time used in the Multi-Slope If
method, the reference voltage ramp is applied periodically
at a fixed rate independent of the unknown input voltage level
The polarity of the reference ramp during each period is de-
pendent on the value of the sum of the previous ramp and
the input voltage just before the previous ramp was turned
off. This approach reduces the voltage level at the end of the
integration time, thus reducing the demand on the integrator
capacitor for low dielectric absorption. The number of positive
reference ramps used during the integration time minus the
number of negative ramps determines the most-significant
digits of the reading.

ADC linearity. The Multi-Slope Il algorithm is intrinsically
a zero-seeking process, but it still yields an average inte-
grator voltage proportional to the input. Although Multi-
Slope Il is much less sensitive to such effects than other
conversion techniques, dielectric absorption can still intro-
duce linearity errors. The HP 3457A incorporates a new
technique to minimize this error. A compensation circuit
forces the average voltage on the integrator to approach
zero more closely for all inputs. Dielectric absorption then
becomes of only secondary importance. A total measure-
ment linearity error (ADC and input conditioning) less than
1 ppm of range is typical. Remaining nonlinearities are
caused by resistor self-heating effects, which are tightly
controlled through a fine-line resistor process (see next
section). Precision current sources are produced using ex-
tremely stable HP resistor networks. All ADC performance
is achieved without the use of mechanical adjustments or
selected component values. Thus linearity of the DMM is
virtually unchanged by exposure to any specified environ-
mental conditions.

Long-Term Stability

Long-term accuracy of a DMM is fundamentally limited
by three sources of error: the ratio stability of critical resis-
tors, the stability of calibration adjustments, and the long-
term drift of the instrument’s voltage reference. In a real en-
vironment, significant errors may be produced through expo-
sure to vibration, temperature cycling, or humidity changes,
conditions prevalent in many system environments.

The HP 3457A uses an HP fine-line resistor process
which exhibits extremely low long-term drift. Resistors
from this process are used in all critical applications. The
resistors of the ADC and input signal conditioning sections
that can contribute to long-term drift are examples. Another
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dominant factor contributing to the long-term stability of
an instrument is the ability to hold a calibration adjustment.
Environmental factors are of major importance here. The
HP 3457A has entirely electronic calibration. Electronic
correction cannot account for future changes to mechanical
settings, so electronic calibration means that there are no
mechanical adjustments in the circuits that can affect cali-
bration integrity. The third factor in DMM long-term stabil-
ity is the instrument voltage reference. In an instrument
with electronic calibration like the HP 3457A’s, the voltage
reference is by far the dominant term. However, if this were
not the case, the calibration adjustment stability could be
of similar or greater significance.

The HP 3457A uses a pretested voltage reference assem-
bly to guarantee the long-term stability characteristics of
the instrument. Each reference assembly is monitored for
a two-month period in a temperature stabilized environ-
ment, Individual reference drift rates are determined and
compared against acceptable limits. Reference boards that
drift beyond these limits are rejected. Much effort was
placed on fine-tuning our ability to test and characterize
reference assemblies in a production environment so that
a reliably low-drift voltage reference could be achieved.
Fig. 9 shows the results obtained. The mean long-term drift
of the references for one year is characterized to be approx-
imately 3.5 ppm. Also shown is the sample mean plus
three standard deviations. This data shows an expected
maximum drift of approximately 12 ppm in one year, a
significant improvement, The earlier HP 3456A has taken
advantage of these results also and an amended data sheet
has been issued to reflect this enhancement. Reduced in-
strument drift translates directly to a lower cost of owner-
ship. Costly system downtime resulting from frequent re-
calibration cycles can be reduced.

Long-Term Reference Performance
44 Units under Test

Frequency Counter Technique

The HP 3457A Multimeter can make floating frequency
measurements on signals ranging from 10 Hz to 1.5 MHz
at levels from 10 mV to 300V. The DMM automatically
acquires the input signal, performs the necessary range
selection, and measures the input frequency.

This process does not require any user intervention to
set up a trigger level control. All signal conditioning is
performed by the ac voltage front end and is designed to
ensure that the proper internal levels are presented to fre-
quency comparator U3 (Fig. 10).

As mentioned previously, the ADC has external digital
hardware to support the measurement of run-down slope
times in 0.5-us increments. This same hardware is used in
the frequency measurement mode to accumulate the actual
measurement gate time. Since by definition, frequency is
cycles or zero crossings (A) per unit of time (B), the job
becomes one of measuring these parameters and computing
the result (A/B). To do this, the DMM measures the number
of zero crossings during the gate period.

Referring again to Fig. 10, one can see that the 8051
microcomputer has two 16-bit counters that are prescaled
by 4-bit counters U5 and U6. The 8051 outputs a measure-
ment gate of approximately 0.5 second (the actual length
is unimportant). The frequency comparator generates a
logic-level signal at the measured signal's zero-crossing
rate, which is used to clock flip-flop U4 and the zero-cross-
ing counter U6. U4 provides an enable signal to the time
interval (U5) and zero-crossing (U6) counters as long as
the 8051 measure gate signal is present. After the enable
signal, both counters are read by the 8051, including the
external prescalers, and the input frequency is computed
as A/B hertz. The actual measurement gate is always
guaranteed to be at least one period of the input frequency,
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thanks to the operation of U4. This technique yields a con-

stant measurement resolution of 1 ppm independent of the

input frequency two times per second. The frequency is

then electronically gain-corrected to yield accurate results.
The benefits of this counter technique are:

m Floating frequency measurements 450V peak from earth
ground

m Autoranged input leveling for easy measurements

m Selectable frequency measurements on ac voltage, ac +
dc voltage, ac current, or ac + dc current functions

m Constant 1-ppm resolution at any frequency within
range.

AC Section

The ac measurement functions of the HP 3457 A are volt-
age, current, frequency, and period. They can be used in
either an ac coupled mode or a de coupled mode. For ac
current measurements, the input signal is routed through
the same set of shunt resistors used for de current measure-
ments and the ac voltage drop across those resistors is
measured. The current ranges provided are 30 mA, 300
mA, and 3A rms. However, the high input current limit is
1A. Five voltage ranges are provided in decade steps from
30 mV rms to 300V rms full scale. The 30-mV full scale
range allows good measurement accuracy of small signal
inputs. The ability to measure the frequency of these small
signals is another useful feature of the HP 3457A.

The circuitry of the ac section, Fig. 11, consists of two
compensated attenuators, two x 10 gain stages, an rms con-
verter, a filter, and various control circuits. Many voltme-
ters make ac measurements at frequencies up to 100 kHz,
but it was desired to have the HP 3457 A operate to 1 MHz.
To achieve this, compensated RC attenuators are used. At
low frequencies the attenuators are resistive dividers, while
at high frequencies they act as capacitive dividers. To

u3
Conditioned

AC Input Frequency

Zero-Crossing

———
Zero-Crossing e
Detector

equalize the high-frequency and low-frequency responses
of such an attenuator, a manual adjustment of one of the
capacitance elements is often used. In the HP 3457A, that
adjustment is performed electronically with the use of the
Autocal function. By adding a third capacitor to the at-
tenuator and driving it with a scaled value of the input
signal, the capacitive attenuator can be controlled so that
a flat frequency response is produced. The signal fed back
to the capacitor is controlled by a DAC (digital-to-analog
converter) operated as a variable attenuator, as shown in
Fig. 12.

The response of the RC attenuator to a pulse input is
directly related to the accuracy of its compensation. There-
fore, during Autocal, a pulse is internally generated and
applied to the input of the ac board. Its time response is
measured by the ADC and the change needed in the feed-
back signal is calculated. The feedback is adjusted and the
pulse is remeasured. This process, shown in Fig. 12, is
repeated until the desired response is achieved. With this
technique the flatness of the attenuator can be set quite
rapidly without the need for external equipment.

Range switching is accomplished with the use of FET
switches on the input attenuators and following the first
gain stage. An rms converter follows the second gain stage
and a filter is included in the rms section to reduce the
output ripple of the converter. The filter has two bandwidth
settings controlled by the ACBAND function; this provides
some flexibility in reading speed. Either setting can be used
to 1 MHz, but if frequencies below 400 Hz are to be mea-
sured or maximum filtering is desired, a number between
1 and 399 is used in the ACBAND function, e.g., ACBAND 20.
For higher frequencies or faster response, the user can set
the ACBAND function to 400 or greater. The output of the
second stage also drives a comparator whose output is used
by the frequency counter.
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Fig. 10. Simplified schematic dia-
gram of the analog-to-digital con-
verter and frequency counter in
the HP 3457A DMM.
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Calibration RAM Protection

In recent vears, software calibration algorithms have be-
come common. By doing the instrument calibration in soft-
ware, it is possible to eliminate all hand adjustments, and
thereby highly automate the calibration process. Typically,
such an algorithm requires the user to place some known
signal at the inputs to the instrument. The instrument then
uses this value to generate appropriate calibration con-
stants. One drawback of this practice is that these constants
must be stored in read/write memory. Should this memory
be contaminated, the instrument would no longer make
accurate measurements. Contamination may be the result
of a processor run amok after an electrostatic discharge or
some other transient condition that would not normally
have serious repercussions.

A frequent solution to this problem is to provide some
sort of mechanical device that prevents the processor from
writing to calibration memory. This mechanical device
might be a simple switch, or a key in a lock. In the case of
a key, the calibration is further protected by limiting access
to the key. The disadvantages of this approach are that
calibration then requires operator intervention, and that
the instrument remains vulnerable if the device is left in
the wrong position.

The HP 3457A uses a special circuit that prevents the
processor from writing to calibration memory unless it can
ensure that the processor is executing in a well-behaved
manner. This circuit detects that the calibration algorithm
has been invoked and completed without error. Special
checks are made on various processor status lines to ensure
that the processor has not run amok. The instrument soft-
ware also provides the security of a key by allowing the
user to specify a password that must be entered before
calibration is allowed. The HP 3457 A allows an entire cali-
bration to be done under the control of a computer, with
no operator intervention.

The calibration RAM protection circuit checks several
events to guarantee that writes to RAM should be allowed.
The most fundamental portion of the algorithm is that a
processor reset must occur, followed after exactly four mil-
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liseconds by a pulse from an output port. Although other
things are monitored, these events contain the gist of the
algorithm. The requirement that the processor be reset does
two things. First, it guarantees that the processor is execut-
ing instructions normally. Second, it synchronizes the
hardware with the software. The reason for requiring a
short pulse exactly four milliseconds after the reset is to
ensure that the software is requesting a calibration write
enable. This sequence is virtually impossible to generate
randomly.

The software procedure is as follows. First, the calibra-
tion constants are generated. Then, a reset is generated.
The reset routine then determines if the reset was actually
a calibration request. This is done by checking numerous
strategic variables. If these checks all pass, the remainder
of the four-millisecond wait is generated, followed by the
pulse and the writes to calibration RAM.

Since the software tests are done immediately after reset,
and the hardware requires the reset to enable calibration
RAM writes, we have guaranteed that the software tests
are all done and passed before calibration RAM is enabled.
Herein lies the key to the technique. We have guaranteed
that the software tests have been executed and passed in-
stead of merely moving the point of vulnerability to just
after the tests have been completed. The hardware is neces-
sary to ensure that these checks are executed and passed.
It is then the responsibility of the software to see that suf-
ficiently robust checks are included. If the hardware were
not present, the possibility of a randomly executing proces-
sor entering the code right after the software checks and
writing to calibration RAM exists. But the hardware scheme
prevents this by tying the reset event, which initiates the
software checks, to the enabling of the calibration RAM.

To ensure the integrity of the calibration memory, we
subjected the instrument to large magnetic fields and 15-kV
static discharges, and ran tests in which the processor was
intentionally traumatized thousands of times. In all of these
tests, the calibration protection circuit prevented any loss
of calibration constants.
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Fig. 11. HP 3457A ac input section
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Command Language

The HP 3457A has many different measurement modes
and makes a wide variety of measurements. One of the
challenges in the design of the HP 3457A was to provide the
user with a convenient technique to access this functionality.

An ideal language lets the user communicate to the in-
strument the measurement requirements in the terms in
which the user perceives the measurement. The instrument
must translate these parameters into those required by the
hardware. Another important aspect of an instrumentation
language is the ability to apply the same language to con-
figure other instruments. By designing a language that de-
scribes the measurement parameters instead of the instru-
ment parameters, this is also realized.,

The HP 3457A language is made up of about 100
mnemonic instructions. Of these instructions, only about
a dozen are required to meet most measurement needs.
Each instruction can have several parameters. For conve-
nience, defaults are available for each parameter except in
rare circumstances where the value is extremely critical,
e.g., calibration.

An example of a measurement-oriented instruction is
the function command. A typical function command might
be ACV 17,0.001. This indicates that an ac voltage measure-
ment should be made on a range capable of accepting at
least 17 volts, and that the measurement should be made
to a resolution of at least 0,001%. Notice that this instruc-
tion could be used to configure any instrument capable of
making this measurement since no part of the instruction
is specific to the HP 3457A. Future HP multimeter products
will use this same language, which is called HP-ML (HP
Multimeter Language).

Reading Storage

A feature of the HP 3457A is its ability to store over 1000
readings internally. This can provide significant speed ad-
vantages in systems because many measurements can be
made and the overhead of reading from the instrument
need only be encountered once. This capability is also
important when the measurements need to be made faster
than they can be sent to a controller. The results can be
extracted from memory either by reading from the instru-
ment, in which case the reading memory behaves like a
buffer between the instrument and the computer, or by
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explicitly specifying a group of readings to be recalled.
Readings can be placed in memory and read out in any
one of four different formats: 16-bit integer, 32-bit integer,
32-bit real (IEEE 754), or ASCII (the number is converted
to an ASCII string). Since the output format is independent
of the storage format, it is possible to optimize the timing
for a particular measurement. For instance, in a situation
where computer time is of concern, the instrument can be
configured to store readings in the same format that will
be output to the computer. When the computer is ready,
the formatted readings can be sent out at high speed. When
the reading rate is the critical factor, the instrument should
be configured to store readings in the format most conve-
nient to the voltmeter, thus optimizing the reading rate.
When the readings are recalled from memory they can
be converted to the format most convenient to the compuler.

Mechanical Design

Product design plays a key role in the manufacturing
cost of an instrument. To minimize factory cost, a major
HP 3457A objective was to minimize part count, part cost,
and assembly labor. Other objectives were to keep the
mechanical design one phase ahead of the electrical design,
to strive for simplicity and to use existing technologies.

It was decided early in the project to use an existing
plastic package. This package was originally designed for
the HP 3421A Data Acquisition/Control Unit and has since
been adapted to the HP 3488A Switch Control Unit. Be-
cause this package is plastic, shielding and internal temper-
ature rise were concerns, more so than with traditional
metal packages. In addition, environmental requirements
such as shock, vibration, and drop tests, as well as safety
issues had to be carefully considered. It was desirable for
manufacturing to build only one configuration. This re-
quired that the customer have access to line voltage selector
switches and be able to install the optional multiplexer
card options.

To achieve these objectives and requirements, the initial
layout was closely evaluated using cardboard mockups and
design reviews. As the design evolved it became obvious
that hardware such as screws and fasteners could easily
be eliminated by using snap-together parts. These included
the shield around the isolated analog section, the card guide
for the optional plug-in multiplexer cards, standoffs for the
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printed circuit boards, and a snap-in support between the
isolated and nonisolated sections.

System voltmeters have isolated and nonisclated sec-
tions. In addition to good shielding, the isolated section
requires low capacitance and high impedance to ground
or the nonisolated section. Traditional shields are fabri-
cated of aluminum held together with screws to provide
multiple electrical contact. Fig. 13 shows the HP 3457A
snap-together assembly made of two mating U-shaped
sheet-metal shields, which snap together using tabs com-
bined with sheet-metal deformation. In general, the more
contact points and the smaller the separation between
shields the better the effectiveness will be. This snap-to-
gether design creates ten points of contact approximately
every 75 mm with minimal separation. The deformation
occurs to the top shield: a double bow is created when it
is snapped into the bottom shield’s two tabs. The top
shield’s vertical folds combined with a high middle contact
point create three high points and the two tabs create the
low points, as shown in Fig. 14. Depending on the three
fold lengths and the hole-edge-to-hole-edge tolerance be-
tween the two tabs and the high middle contact point, the
amount of bow varies. The contacting points of the bottom
shield between folds are designed so that they are always
in tension. This snap-together design incorporates standard
sheet-metal tolerances for ease of fabrication.

In addition to the electrical shielding and isolation re-
quirements, this section requires good mechanical isolation
from externally induced shock or vibration. A high-imped-
ance polycarbonate snap-in support attaches this isolated
section to the firm nonisolated section. The card guides
used to hold the optional multiplexer cards are also molded
from polycarbonate. The card guides snap into cutouts
punched into the supporting sheet metal. The ac board has
a shield separating it from the main analog board. Snap-in
spacers hold this inner shield and make point contact with
the upper and lower boards. A single screw holds the ac
board and shield in place. Rotational motion is eliminated
by keying both board and shield in a cutout in the vertical
side sheet metal.

The front panel incorporates a silicone elastomer key-
board, a concept borrowed from the HP 3468A/3478A Mul-
timeters.* The entire keyboard is contained on three

Fig. 13. HP 3457A snap-together assembly

Fig. 14. Side view of the isolated section's top shield showing

keypads containing either twelve or sixteen keys. The elas-
tomer keyboard is sandwiched between the plastic molded
front panel and a printed circuit board by heat staking. The
elastomer key concept has proved to be a highly reliable,
simple, low-cost design. The front panel also contains a
low-power 12-character alphanumeric liquid-crystal dis-
play. Input terminals are traditional binding posts, which
are made of copper to minimize any thermally induced
voltages.

Inherent in this package is the ability to stack parts. The
six long case screws that clamp the two case halves together
also capture the sheet-metal isolated and nonisolated sec-
tions via spacers. The printed circuit boards are screwed
to the sheet metal for good electrical contact. The front and
rear panels slide into recesses in the upper and lower case
halves and therefore do not require any hardware.

Other design features keep the assembly time low. Con-
nectors and push-on lugs minimize the number of hand
solder joints. All unnecessary parts were eliminated to keep
material costs low and to minimize assembly time. For
example, nomenclature on the rear input terminals is
molded into the plastic insulator that holds them.
Hardware such as screws, when used, serves multiple pur-
poses in many cases. A bar code is used for the serial
number to speed paperwork and minimize the chance for
errors in processing.

A special multifunction fixture is used for assembly. This
fixture is used to hold the front and rear panels during
preassembly. It also aids in the installation of the plastic
isolation support in the digital section, and holds the bot-
tom clamshell to install the case screws.
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Advanced Scalar Analyzer System
Improves Precision and Productivity in
R&D and Production Testing

This “voltmeter for the microwave engineer’ measures
insertion loss and gain, return loss, and power quickly and
accurately.

by Jacob H. Egbert, Keith F. Anderson, Frederic W. Woodhull ll, Joseph Rowell, Jr.,
Douglas C. Bender, Kenneth A. Richter, and John C. Faick

ONTINUING ADVANCES in RF and microwave
component and system designs constantly generate
a need for more accurate and versatile test equip-
ment. When the HP 8755A Scalar Analyzer' was intro-
duced, its ability to measure insertion and return loss
simultaneously in a manual test system satisfied a large
portion of the microwave design engineer’s test equipment
needs. With advances in technology, however, has come
the need to make more accurate measurements over a wider
dynamic range. Measuring the rejection response of a filter,
for example, may require a wide dynamic range along with
real-time response so the effects of adjustments on the filter
characteristics can be observed as they are made. In addi-
tion, many devices require simultaneous viewing of three
or more measurements and not just the traditional two of
the past.
The requirements of microwave component and system
manufacturers for automated test equipment in production

(1001l

areas have also increased significantly. There is a need for
flexible measurement systems that are easily configured to
test products on production lines. Automated testing can
ensure that each device is tested completely and exactly
the same way. Another need of the ATE environment is
the ability to build a production history based on test re-
sults. This allows manufacturers to monitor their produc-
tion processes closely and improve efficiency while at the
same time increasing the quality of their products.

The requirements placed on a scalar analyzer system by
today's RF and microwave component and systems man-
ufacturers have led to the development of the HP 8757A
Scalar Analyzer System (Fig. 1). The HP 8757A is able to
function as a manual test system or a fully programmable
ATE system that can execute the automated testing and
data logging required in the production environment. The
HP 8757A Scalar Analvzer, together with the HP 11664
and HP 85025 Delector Families and the HP 85027 Direc-

continued on page 26)

Fig. 1. The HF 8757 A Scalar Net-
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Filter Measuremen

t with the Scalar

Network Analyzer

In the development lab, the
broadband and narrowband

L]

verify performance specifications
analyzer can measure and display
interactions simultaneously

Fig. 1 shows a display of a bandpass filter measurement. Two
channels are used. Channel 1 displays the measurement of the
filter over its passband while Channel 2 displays a broadband
measurement of the same device. The measurements are made
as the source alternately sweeps over a narrow band on one
sweep and a broad band on the succeeding sweep. This alter-
nate sweep mode can be entered via the ALT key on the source
frant panel if the source’s receiver interface is connected to the
analyzer's system interface. Each state of the allernate sweep
mode can be saved or recalled for quick setups

During the filter design phase, it is common that parameters
that alter passband performance also influence shape factor,
bandwidth, or out-of-band rejection. Alternate sweep mode pro-
vides a continuously updated display of the in-band and out-of-
band performance so that the effects of each adjustment are
displayed almaost in real time

ce pen

When the devi
area; otherwi
for either manual or automated setups

All HP B757A features, including error indications such as limit
line pass/fail, are accessible over the HP-1B. The cursor and
marker functions further simplify filter measurements. Fig. 1
shows seven marker symbols on trace 1 and two symbaols on
trace 2. The HP B757A provides cursor-to-maximum/minimum
and cursor-to-reterence functions, a cursor deita mode, and cur-
sor search and bandwidth functions. In addition to the cursors,
the analyzer displays up to five source markers. In Fig. 1, cursor-
to-maximum and cursor-to-reference operations have the point
of |least insertion loss on trace 1 at the reference position at the
top of the screen. Entering cursor delta mode and performing a
cursor-to-minimum operation then causes the analyzer to show
directly the peak-to-peak amplitude variation within the passband
of this filter. Shape factors (60-dB bandwidth/6-dB bandwigth is
one example) can be determined quickly using the BANDWIDTH
function under the CURSOR menu

=
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Fig. 1. HP 8757A cursor and
marker functions simplify filter
measurements like this one.
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{continued from page 24)
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Fig. 2. User areas on the HP 8757A front panel. 1. CRT and
softkeys area, 2. CHANNEL area. 3. FUNCTION ared, 4, ENTRY
area. 5. INSTRUMENT STATE area. 6. Detector inputs. 7
Softkeys. 8. CRT Controls. 9. Line switch

tional Bridge family, offers new levels of flexibility and
performance for RF and microwave component and system
measurements.

Instrument Features
The key features of the HP 8757 A system are:

® 10 MHz to 60 GHz frequency range.

® Five inputs. The A, B, C (optional), and R inputs have
— 60-dBm sensitivity and 76-dB dynamic range. Each is
capable of making measurements of either modulated or
unmodulated RF. The auxiliary rear-panel ADC INPUT can
be used to measure voltages between — 10V and + 10V.

® Four display channels, each capable of displaying any
of the selected measurements. The large 9-inch vector
display shows each channel fully annotated.

® Modulated (ac) and unmodulated (dc) RF measurement
capabilities. With the HP 85025 Detectors and the HP
85027 Directional Bridges, measurements can be made
using either of these detection methods. This allows the
user to choose the detection method that best suits the
measurement.

® Limit lines. These allow the user to enter test limits
through the front panel and have the analyzer do pass/fail
testing without an external controller.

® Direct plotter and printer output. The graphics presenta-
tion on the CRT may be output directly to an HP-IB
plotter or printer without an external controller.

® Extended firmware features. Enhancements have been
added to increase the efficiency of the user and make
the user interface friendlier. Some of these are a bandwidth
function, cursor search, autoscale, and adaptive normali-
zation.

® Save/recall capabilities. This function allows the user to
configure a test setup including calibrations and store it
away in nonvolatile memory. This configuration may
then be recalled when the same measurement is to be
made later.

B System software packages. Software packages make it
easy for the ATE test engineer to configure the test soft-
ware to fit production needs. Each package offers a friendly
user interface and provides the flexibility to configure
the tests to the test device criteria.

® Fully HP-IB (IEEE 488/IEC 625) programmable.
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B Test firmware. A comprehensive set of test firmware aids
in the verification, testing, and troubleshooting of the
instrument.

User Interface

In an effort to make the instrument as friendly and simple
as possible to operate, a menu and softkey approach is used
for the front-panel operation. The front panel of the HP
8757A is divided into five distinct areas (Fig. 2). These five
areas are arranged to assist the user in making measure-
ments quickly.

The CRT display is a large 9-inch vector graphics display.
Channel information, the active entry area, softkey labels,
frequency labels, a graticule, and measurement traces are
displayed here. The channel information is annotated for
each of up to four channels, since each channel can be set
up independently. The channel annotation includes the
measurement being made, the cursor amplitude (or active
marker amplitude value if the cursor is off), the scale factor
per division, the reference level value, and other symbols
indicating the enabling of certain functions. The active
entry area shows the currently active function, such as the
reference level or the scale factor per division.

The CHANNEL area allows for the selection of Channel 1
or 2. Selection of either of these keys also brings up the
channel selection menu to the left of the softkeys. Control
of the channels and the selection of Channels 3 and 4 is
provided by this menu.

The FUNCTION area provides access to the measurement
parameters, These include the measurement (A, R, B/A, etc.),
the display (measurement, memory, or measurement minus
memory), the scale factor per division, the reference values,
the cursor, averaging, calibration, and special functions.

The ENTRY area is used for data entry by virtually all
functions through the use of the keypad, step keys, or knob.

The INSTRUMENT STATE area provides user control of the
save/recall registers, HP-IB addresses (with the LOCAL key),
and other system-level functions (affecting all channels).

Each of the front-panel keys, except for the PRESET key
and the ENTRY area keys, always brings up a menu of softkey
labels, which appear on the CRT display to the left of the
softkeys. The eight softkeys are integrated into the display
bezel, thus coupling the action of the keys with the func-
tions described by the softkey labels. To maintain user
friendliness, nesting of the menus has been kept to one
level as much as possible. Exceptions to this are calibration
routines in which the operator is led through the procedure
by user prompts. The softkey menu structure for the HP 8757A
is shown in Fig. 3.

This layout guides the user to set up the measurement
logically. First, the active channel is selected using the
CHANNEL area. This active channel is then highlighted on
the CRT display by its higher screen intensity. Next, the
FUNCTION area is used to make changes to this channel's
settings. For example, pressing CHANNEL 1 followed by the
MEAS key activates the measurement function and brings
up the MEAS menu. The user can then change the measure-
ment by choosing the desired power or ratio measurement
with the softkeys. The display desired, either measurement,
memory, or measurement minus memory, can be selected
using the DISPLAY menu. Also, the user can enter data into
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Fig, 3. HP 8757A softkey menu structure.
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memory using this menu.

Other useful functions that enable the user to set up and
begin measurements quickly are: the SCALE factor per divi-
sion, the REF menu, which allows changes of the reference
line position and level, and the AUTOSCALE function under
the SCALE menu, which automatically adjusts the scale
factor per division and the reference level so that the trace
appears fully on-screen at the highest resolution. AUTOSCALE
makes it easier for the user to observe a measurement
quickly without having to adjust the reference level.

One of the advantages of a menu-driven instrument is
that, with careful design, the operation of the instrument
can be easy to understand. For example, to control the
labeling functions, the user selects the SYSTEM menu and
looks for the softkey LABELS. After selecting this softkey,
the possible functions are to turn on or off all of the labels,
the frequency labels, or the title.

The user can also be prompted to take certain actions
before continuing, or can be warned that the action attempt-
ed will result in a measurement error or is not allowed.
An example of this prompting action occurs when the user
selects SHORT/OPEN under the CAL menu. This function
leads the user in performing a short/open calibration for a
reflection (return loss) measurement. The prompts are dis-
played in the active entry area in the upper left portion of
the graticule area. When SHORT/OPEN is pressed, the mes-
sage CONNECT SHORT..STORE WHEN READY appears in the
active entry area. The user connects a short circuit to the
test port of the directional bridge/coupler and presses the
STORE SHORT softkey. A new prompt, CONNECT OPEN...STORE
WHEN READY, then appears in the active entry area. When
this action has been completed, the user presses the STORE
OPEN softkey. This causes the message SHORT/OPEN CAL
SAVED IN CHx MEM (where x is the channel number) to appear,
notifying the user that the calibration has been saved.

Limit Testing

A necessary procedure in the design and production of
RF and microwave components, as well as in other appli-
cation areas, is the comparison of device performance with

- 741.52 4P

.00 d8

Fig. 4. Filter limit test display with three sets of imits. The
filter passes the test
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specifications. With scalar network analyzers, this typi-
cally was done by setting the reference level and reference
position equal to the specification. This line was used to
verify visually that the device met its design or manufactur-
ing specification. This method allowed only one specifica-
tion to be checked, so a user would often draw lines on
the CRT with a grease pencil for other specifications. Fur-
thermore, since the comparison was done visually, the ver-
ification was subject to error.

With the HP 8757 A, a user can enter up to 12 limit tests,
called segments, for both Channel 1 and Channel 2. Each
segment can be a point, a flat line, or a sloping line with
upper and lower bounds. Entry is accomplished by selecting
the SPCL (special) menu and pressing the ENTER LIM LNS
softkey. The user chooses the type of limit (point, flat, or
slope). and through a series of prompts, enters the fre-
quency and the upper and lower limit values. Limit testing
is turned on or off using a softkey under the SPCL menu.

Limit test results (pass or fail) are shown in large letters
below the channel for which the limit tests were entered.
The limit test compares trace data with each limit segment
with 0.01-dB resolution regardless of the scale factor or
reference level settings, eliminating the inaccuracies of a
visual comparison. Fig. 4 shows a filter response with one
set of flat limits and two sets of slope limits. The large PASS
indicates that the device meets its specifications.

When the HP 8757A system interface is not connected
to a compatible sweep oscillator or is turned off, the user
may enter start/stop frequencies using the SYSTEM menu,
selecting the LABELS softkey. The LABELS menu has softkeys
for the start and stop frequency entries. These label values
are then used for limit line testing, if it is enabled.

Auxiliary Input

The HP 8657A provides the ability to measure a voltage
between —10V and 10V at its rear-panel ADC INPUT for
display of other than the normal A, B, C, and R inputs. This
input can be used to measure phase detector outputs, con-
trol voltages, or other device outputs and display them
simultaneously with the usual transmission or reflection

CONNECTION DIAGRAM

@75TA SCALAR NETWORK AMALYIER

Fig. 5. Graphics capability makes it possible to display con- .

nection diagrams along with instructions to the operator
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Scalar Analyzer System Error

Correction
For making a power measurement in the HP B757A, the basic  Microwave HP 8757A
signal fiow is shown in Fig owave sig Soure e
. = Lb-ds T - ! mic
tected and converted into a 27.78-kHz IF signal The @ ﬂ_ ‘z:pm_m ADC i CPU

then produces an output proportional to the logarithm
signal, and that output is read by the CPU via the ADC. The ADC
readings are related to power input, but contain the effects of
two potential sources of error: the inpul-versus-output refation-
ships of the pewer detector and the log amplifier. The detector’s
response curve of voltage output as a function of power input is
shown in Fig. 2a. It follows a sgquare-law relationship below —30
dBm (voltage output is proportional to power input), a linear
relationship above about + 10 dBm (voltage output sguared is
proportional to power input), and a smooth transition between
Although all detectors follow this general curve, there can be
variations from deteclor to deteclor in sensitivity (offset), curve
conformance in the transition region, and saturation for high input
power. Also, the respanse curve for a given detector may vary
with termperature

The log amplifier. which produces an output proportional to
the logarithm of the input signal, is the second potential source
of error (see Fig. 2b). The log amplifier's response exhibits ripples
and curvature. resulting in a maximum 3-dB deviation from the
ideal response. The log amplifier's gain is inversely proportional
to temperature, causing a 0.028-dB/"C offset at the output when
the temperature changes

Detector

Fig. 1. Basic signal fiow for a power measurement

Since the two major sources of error are unrelated, error cor-
rection is performed in two separate steps. The log amplifiers
are initially calibrated using a special siep attenuator to remove
their errors (see box, page 33). For each detector connected to
the input, a response curve of power input versus voltage cutput
is generated using the specific detector's characteristics. The
log amplifier's response curve is combined with the detecior
response curve to find the system response of detector power
input versus ADC readings (see Fig. 2c)

Each log amplifier Is calibrated by applying a logarithmically
decreasing 27.78-kHz signal and recording the resulting ADC
readings in an EEPROM tabie for that input. A temperature sensor
on the log amplifier board is used by the CPU to correct for
temperature drift. The log amplifier, its calibration tables, and
the temperature correction routine are combined so that the HP
8757A can be considered a narrowband temperature-compen-

sated 27 7B-kHz logging voltmeter with flat response over a 140-
(continued on next page)

ADC Reading ADC Readings
Voiloae Ot (bits) Ideal (bits)
oltage Lu < R nse
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Power In (dBm) Voltage Input Power In (dBm)
(a) (b) (dB referred to 10.6V p-p) ()
Fig. 2. (a) Detector response, (b) Logarithmic amplifier response (errors exaggerated). (c) HP
8757A system response (errors exaggerated),
measurements. started by the RESTART AVERAGE softkey. The HP 8757A

The auxiliary input display is annotated in units of volts,
including reference level, scale factor per division, limit
lines, and cursor readouts.

Averaging and Smoothing

For some measurements, displayed noise peaks can be
reduced by trace-to-trace digital averaging or smoothed by
the trace smoothing function. The HP 8757A performs sta-
ble exponential averaging.”” Each data point is an average
of the current trace with the previous N -1 traces. N, the
averaging factor, is user-selectable via the keypad and the
knob and must be a power of two. Averaging can be re-

automatically restarts averaging in response to changes of
the measurement channel and to changes in sweeper set-
tings if the sweeper source/receiver interface is connected.
This results in quick response to measurement changes with
a minimum of user keystrokes.

Trace smoothing is similar to low-pass video filtering. It
provides an easy way to view noisy traces, and can be used
to eliminate effects of source mismatch. When the mea-
sured data changes more slowly than the source match
variations, the smoothing aperture can be set to smooth
away measurement ripples caused by the mismatch with-
out otherwise affecting the displayed measurement. The
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dB signal range.

For detector correction, the HP 8757A uses the control line in
the detector cable to sense a resistor that identifies the detector
type. In the ac/dc detectors and bridges, this line is also used
to measure a resistor representing detector sensitivity and a
thermistor that senses the detector temperature. (The ac detec-
tors and bridges are all adjusted to have the same sensitivity
and are internally temperature compensated so that a thermistor
and a sensitivity resistor are unnecessary.)

Once the detector type, sensitivity, and temperature are known,
an equation is created relating the detector output voltage to its
input power. This detector equation is combined with the log
amplifier EEPROM table to create a power lable relating ADC
readings to the detector input power. Each HP 8757A input port
has its own power table stored in RAM. In the event of an EEPROM
failure, the system will use the table of an adjacent log amplifier
for default data. If all EEPROM tables have failed, a default table
will be generated in firmware

Of course, if the temperature of the log amplifier or the ac/dc
detector changes, or if a different detector is connected to a

given input port, the power table stored in RAM for that input
must be updated, which takes about 1.5 seconds per channel. To
provide real-time temperature correction, the CPU computes an
approximate offset correction factor over a narrow temperature
range for each input's power table. If a significant change in tem-
perature occurs, the power tables are completely regenerated.

The main advantage of correcting the log amplifier errors and
detector variations separately is flexibility. For a given log
amplifier, widely different detectors may be used by modeling
the detector in firmware with a few simple eguations and combin-
ing these equations with the table characterizing the log amplifier
for the overall system response. Compared with the older HP
8755A/56A, the systemn calibration has been simplified in that
the HP 8757A does not depend on an accurate RF level and HP
11664 Detector for accuracy. Instead, a 27.78-kHz signal is
applied directly to the HP 8757 A input, although it must be accu-
rately controlled over a 140-dB attenuation range. Finally, temper-
ature correction is easily implemented, since it is handled in
firmware for the log amplifier and the detector separately before
they are combined for the total respanse.

aperture is settable from 0.1% of span to 20% of span via
the ENTRY area. Each smoothed data point is an average
over the aperture, centered about the current position. Edge
points are smoothed averages over a smaller aperture deter-
mined by the number of measured data points available
from the point to the beginning or end of the trace.

Normalization

The HP 8757A normalization functions provide a simple
means of canceling source and receiver accuracy and flat-
ness errors and test fixture and cable frequency response
errors. A softkey sequence can be used to store SHORT/OPEN
averages or THRU calibrations with step-to-step display
prompts. The data-into-memory (MEAS—MEM) and data-
minus-memory-into-memory (MEAS - M—MEM) softkeys
can also be used to store the calibration. Measurements
can then be made relative to the stored reference with im-
proved accuracy. Each calibration stored is valid over a
specific frequency range. Recalibration is required for any
change in source frequency settings. The HP 8757A can
automatically perform the recalibration if in adaptive nor-
malize mode. This mode is available through the SYSTEM
menus and requires the user to perform one broadband
calibration. As source frequency settings are altered, the
HP 8757A automatically regenerates an interpolated cali-
bration memory corresponding to the new frequency set-
tings of the compatible source connected to the HP 8757A
SYSTEM INTERFACE port. When frequency settings extend
outside the original stored broadband calibration frequency
limits, the HP 8757A extends the value of the originally
stored endpoints to cover the out-of-band region. A U un-
calibrated indication appears on the display to indicate
out-of-band calibration memory. With adaptive normaliza-
tion, the user does only the one-time calibration. The need
for time-consuming recalibrations and extra device han-
dling as frequency settings are altered is minimized.

Trace Points
The HP 8757A allows a variable number of trace points.
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For applications requiring real-time feedback for the
operator while adjusting the DUT, sweep speed and refresh
rate are critical, The HP 8757A allows as few as 101 trace
points to obtain the maximum sweep rate. For a broadband
measurement or for measurements of high-Q devices, the
HP 8757A provides maximum resolution with up to 1601
trace points per sweep. The number of trace points is select-
able using the softkeys. The HP 8757 A automatically limits
source sweep rates via its SYSTEM INTERFACE. This allows
the operator to be concerned only with DUT response time
errors as sweep speeds are changed.

Sweep Modes

During normal operation, the HP 8757 A requires an input
sweep ramp of 0 to 10V. A tracking digital-to-analog con-
verter (DAC) causes measurements to occur at evenly
spaced intervals over the 10V range. Zero volts corresponds
to the start frequency and 10V corresponds to the stop
frequency. Not all measurement setups supply a 0-to-10V
ramp. The HP 8757A is capable of normal operation in
these nonstandard setups.

The HP 8757 A can make measurements with input sweep
ramps less than 0 to 10V when the nonstandard sweep
mode is selected via softkeys. Restrictions are that V., =
0V, Vop < 10V, and Vi, — Vyan = 2V. On entering this
mode, the HP 8757A searches for the minimum and
maximum sweep voltages to determine the sweep end-
points. This information is used for setting the tracking
DAC start point and increments as the DAC tracks the input
sweep voltage. Measurements can be made easily on volt-
age controlled devices whose inputs are provided by a
ramp generator with variable-voltage outputs.

For measurement setups that do not provide sweep in-
puts, the HP 8757A can be set to a nonswept CW mode.
In this mode, a sweep ramp is generated internally. Mea-
surements are made continuously with rapid display up-
dates, making power-meter-type measurements quick and
easy with no loss in functional capability.

The HP 8757A can also make measurements in a manual
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sweep mode. This mode is entered via the SYSTEM menu
or via the MANUAL kev on the source. In this mode, the
source is tuned to a fixed frequency. The HP 8757A con-
tinuously performs measurements and updates the cursor
indicator as the frequency is tuned manually and the measure-
ment changes. With a frequency counter, the exact frequency
of measurement points of interest is easily determined

dB or SWR Data

Cursor information can be displayed in units of dB/dBm
or standing wave ratio [SWR). The user can also display
the entire trace in SWR format and have complete control
over the scale per division and the reference level. Limit
line tests can be entered and the traces can be plotted and/or
printed in SWR. This feature is particularly useful for de-
vices manufactured or specified in terms of SWR. The HP
8757A eliminates the tedious manual conversion of dB
(return loss) data to SWR by using an internal lookup table
for fast trace updating.

Interpolated Cursors

The HP 8757A introduces cursor search and bandwidth
functions. The bandwidth softkey can be used for a quick
reading of the N-dB bandwidth (e.g., the 3-dB bandwidth).
The search and bandwidth functions interpolate between
data points to find the exact N-dB values. The value N is
set by the knob or the keypad.

Without the search and bandwidth functions, it may not
be possible to place the cursor exactly on the 3-dB fre-
quency point. Magnitude values are digitized with 0.003-
dBm resolution for power measurements and 0.006-dB res-
olution for ratio or normalized measurements. In all cases,
the magnitude value is rounded to 0.01-dB resolution for
display. For a frequency sweep of 1000 MHz digitized at
401 points, the frequency resolution is 1000/401, or about
2.5 MHz per increment. Therefore, moving the cursor one
increment results in a frequency change of about 2.5 MHz.
The search and bandwidth functions interpolate between
these points to locate the exact 3-dB frequency.

HP B757A

Logarithmic
Amplifier

Detector

Multiplexer

Hard-Copy Output

The ability to generate a hard-copy representation of the
graphics on the CRT is a feature that most microwave design
and test engineers require in their scalar analyzer systems.
The HP 8757A supports this via data transfers to HP-IB
plotters and printers over its system interface. The user
first presses the SYSTEM kev, which brings up the softkey
menu defined in Fig. 3. The user can then select the desired
format for the hard-copy output. By selecting the PLOT and
DEFINE CUSTOM softkeys, the user can define the plot format,
and then obtain hard-copyv output in the customized format
by pressing the softkev labeled PLOT CUSTOM.

Save/Recall

For some components, many different measurement
setups and tests may be required. It is highly desirable for
an instrument to be able to remember the test configurations
so that they do not have to be reentered each time a new
component is to be tested. The ability of the HP 8757A to
store its state in nonvolatile memory allows the user to
enter test configurations one time and then recall them as
needed. The HP 8757A stores not only its state but also
the calibration memories and limit lines, thus saving the
user from doing a calibration or reentering the test limits
each time a measurement configuration is recalled. In ad-
dition, when the HP 8757A is configured with an HP 8350
or HP 8340 Sweep Oscillator, the state of the source is also
stored.

HP-IB

Remote operation of the HP 8757A Scalar Network
Analyzer is by means of the Hewlett-Packard Interface Bus
(HP-IB), Hewlett-Packard's implementation of IEEE Stan-
dard 488 and IEC 625-1. The HP 8757A accepts specific
programming commands (listen mode) for selecting virtu-
ally all of the instrument's functions, including special
HP-IB-only functions. The HP 8757 A also outputs data (talk
mode) from a designated channel (measurement, memory,
or measurement minus memory) in a format specified by

Analog-to-
Digital
Converter
(ADC)

HP-IB

Fig. 6. HP 8757A Scalar Network
Analyzer functional block diagram
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Fig. 7. HP 85025 Series Detector block diagram

the user. Data can be transferred either as ASCII strings or
as 16-bit integers. Readings can be taken of a single value
(CW mode) or of an entire trace, and the cursor position
and value can be output. The HP 8757 A can pass commands
through to any of the compatible instruments and/or
peripherals connected to its system interface.

CRT Graphics

CRT graphics with the HP 8757A are enabled through
the system interface. The graphics commands are mostly
a subset of the Hewlett-Packard Graphics Language (HP-
GL), allowing the HP 8757 A to understand most HP desktop
computer plotter output commands. Implementation of
these commands required a translation of the HP-GL com-
mand desired into the corresponding function on the dis-
play, which is controlled by 16-bit commands.

This graphics capability allows the user to draw test
connections or test procedures directly on the display. In-
structions to the operator can be clearly spelled out and
supplemented with connection diagrams that help elimi-
nate any confusion (see Fig. 5, page 28). This eliminates the
need for multiple copies of test procedures and manuals.
Using the HP 8757A’s graphics capability and softkey func-
tions, the user can execute the test procedure by interacting
with the display and softkeys instead of moving back and
forth between the measurement system and the computer.
This also allows control of multiple measurement stations
with one central computer,

Hardware Design

Fig. 6 shows the functional blocks that make up the HP
8757A. The instrument itself is a wide-dynamic-range
27.78-kHz receiver and requires the use of at least one of
a family of detectors to convert RF, microwave, and mil-
limeter-wave frequencies to 27.78 kHz. The HP 85025 De-
tectors allow conversion with either modulated or unmod-
ulated signals, while the HP 11664 Detectors require the
RF to be modulated. The logarithmic amplifier conditions
the 27.78-kHz signal to provide a dc signal to be digitized
by the analog-to-digital converter (ADC). The ADC, which
is synchronized with the sweeper via the sweep and blank-
ing signals, digitizes the log amplifier output. Detector con-
trol on the ADC board determines the detector type, sen-
sitivity, and temperature, sets the operating mode (ac or
dc), and zeros the detector amplifier. An internal modulator
drive provides an accurate 27.78-kHz signal to drive either
external modulators or sweepers without that internal capa-

32 HEWLETT-PACKARD JOURNAL FEBRUARY 1986

bility. The processor provides the user interface, performs
the measurement corrections, controls the measurement
hardware, communicates with external instruments via the
two HP-IB ports, and updates the data on the display.

Detector

The HP 85025 Detectors provide a new capability to sca-
lar analysis: detection of both modulated and unmodulated
signals. An advantage of using a modulated (ac) system is
rejection of spurious unmodulated signals and broadband
noise. The ability to detect unmodulated (dc) RF and micro-
wave signals is desirable where it is difficult to modulate
the device being measured, such as in output power mea-
surements of swept oscillators.” In addition, these detectors
pravide the following characteristics that are important for
accurate scalar measurements:
® High return loss (low reflection coefficient)
® Low flatness variation with frequency
® Large dynamic range
® Low thermal drift.

The block diagram of the HP 85025 Detectors is shown
in Fig. 7. The essential microwave component is the detec-
tor diode and its associated impedance-matching circuit.
This circuit determines the critical RF performance charac-
teristics of return loss and flatness and is a critical factor
in determining the sensitivity or minimum detectable
power level of the system. A microwave signal applied to
the RF connector of the detector is down-converted to a
de voltage by the detector diode. The voltage depends on
the magnitude of the RF power level applied. The output
voltage from the diode is processed by a chopper pre-
amplifier circuit, which provides the 27.78-kHz square-
wave signal to the input of the HP 8757A.

High-accuracy measurements can be made with external
diode detectors by using the HP 85025C Detector Adapter.
Either modulated or unmodulated RF detection can be
selected. The user needs to perform an external calibration
sequence, which can only be enabled after the detector is
connected and is recognized as an adapter by the HP 8757A.
A coarse zero is the only manual adjustment necessary for
a particular detector input. The normal zeroing process is
then performed by the analyzer. The user, on selecting EXT
DET CAL, is prompted for a high power level, which is set
by the user and then entered in the HP 8757 A ENTRY area.
After a second prompt for a lower power level, the analyzer

Cc oupling

R damping R o

Fig. 8. Microwave detector diode circuit of the HP 85025
Series Detectors
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then calculates a new internal calibration table based on
the two power level inputs. Through the use of this detector
adapter, the range of the HP 8757A can be extended to over
110 GHz.

Detector Circuit Design
The microwave detector circuit (Fig. 8) is designed
around a beam-lead zero-bias Schottky-bharrier di

has the necessary junction impedance (R,) and RF voltage
conversion efficiency to accommodate the signal process-
ing circuitry, and has the low junction capacitance (C,) and
low series inductance (L.) required for good broadband
detection. A 0.25-mm-thick sapphire microstrip circuit that
employs input resistor peaking and minimum diode circuit
path inductance® is housed in a hermetic Kovar™ cylindri-

cal package. The diode package has a dual output-pin glass-
to-metal seal to minimize the thermoelectric effects of dis-
similar metals in the detector signal path.

Careful part control and assembly technique are used so
that no tuning of the circuit is required for RF match (return
loss) from 10 MHz through 26.5 GHz. Small batch-to-batch
variations in diode junction capacitance can affect the RF
conversion efficiency across the band. These variations are
compensated by the removal of discrete bonding wires that
change the input resistor peaking transmission line imped-
ance

The output from the detector diode ranges from approx-
imately 1.5 volts at the maximum input level of +16 dBm
to approximately 4 microvolts at the specified —50-dBm
sensitivity level in the dc mode. This voltage must be pro-

The HP 8757A log amplifiers must be calibrated over a 140-dB
dynamic range for accurate power measurements (see box, page
29). For this purpose, the HP 11613A Calibrator (Fig. 1) will supply
an accurate 27.78-kHz square-wave signal over a 154.5-dB
range in 0.5-dB steps. This self-contained accessory interfaces
to the HP B757A with a single detector cable. Power, amplitude
control, and the calibration signal are all transmitted over the
detector cable. An HP 8000 Series 200 or 300 Computer connected
to the HF B757A HP-18 port controls the calibration process.

A 27.78-kHz crystal-controlled square-wave oscillator provides
the maximum signal needed for calibration. Attenuation Is
achieved by a series of six resistive divider networks separated
by high-input-impedance buffers and selected using analog mul-
tiplexers (see Fig. 2). By combining these six networks, any at-
tenuation between 0 dB and 154 6 dB in 0.5-dB increments can
be chosen. The signal then passes through a low-noise discrete
output buffer and is sent to the HP 8757A log amplifier over the
interface cable

The control line from the HP B757A supplies a serial stream
of pulses lo the HP 11613A control circuitry, which synchronously
decodes the data into 16-bit words. These 16 bits are used to
sel the attenuator and to turn on the oscillator

The HP 11613A must produce a relatively accurate signal at-
tenuated over a 140-dB range to calibrate the HP B757A. With
a maximum output signal of about 10V p-p, this means that an
accurate 1-uV p-p minimum signal is desired. There is always
a 10V p-p signal present somewhere in the circuilt, so Inac-
curacies caused by internal crosstalk can result from elec-
fromagnetic radiation, circulating ground currents, and power
supply pickup. Careful circuit design and layout in addition to
internal shielding avoid most of these problems, while the high
common mode rejection ratio of the HP B757A log amplifiers

HP 11613A Calibrator

Attenuator

Detector
Cable

Calibrator Accessory

Fig. 2. Two stages of the HP 11613A attenuator circuit

ignores the rest;

A complete system for calibrating the HP 8757A consists of
an HP 11613A, a Series 200 or 300 Computer, and the calibrator
software. The HP 11613A Is plugged into the detector port being
calibrated and the computer is connected to the HP B757A via
the HP-1B. The software sels the HP 11613A to a serles of out-
put levels, reads data from the HP B757A, creates a calibration
table, and stores the table in the HP B757A's EEPROM, provided
that two test points are jumpered. The accuracy of the existing
EEPROM tables can also be checked using this system

Oscillator

e

0to 1545dB §

Control

Fig. 1. Setup for calibrating HP
8757A input A,
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Detector Coding
Resistors

Detector

! Information
P -—

R

sense

Analog Converter

_ Vs
-~

‘_vl-nsn
-

l Control v

HP B757A Detector

Fig. 9. The detector controf line (one per channel) is used
to control the detector functions and send information [o the
HP 8757A

cessed with an error of less than 0.3 microvolts for accu-
rate power measurements at low levels in dc mode.

Signal Processing

In either mode of operation, ac or de, the log amplifiers
process a 27.78-kHz square-wave signal. In ac mode, the
modulation is recovered by the detector and sent directly
to the HP 8757A. In dc mode, the dc voltage from the
detector diode must be converted into a 27.78-kHz square
wave for the HP 8757A to process. The diode signal is
chopped into a square wave by series-shunt chopper field-
effect transistors Q1 and Q2 (Fig. 7). The chopper drive is
generated by a crystal-controlled oscillator. The resulting
square wave is amplified by the low-noise preamplifier stage.
A side effect of the chopping process is the injection of the
drive waveform into the signal path. At low signal levels,
this 27.78-kHz component is larger than the actual signal
from the detector. If not removed, this would degrade the
sensitivity of the detector because the chopped signal
would be masked by the chopper feedthrough transients.

s # HP 8757A

Microwave
Source

Detector

The chopper transients at the output of the preamplifier
stage settle in a short time compared with the period of
the 27.78-kHz square wave. The transients are removed by
the process of synchronously sampling the signal at a point
in the 27.78-kHz waveform where the feedthrough at the
preamplifier output has settled to a negligible level. The
sampling process improves the sensitivity by approxi-
mately 20 dB.

Detector Control and Accuracy Enhancement

Any small dc offset voltages in the signal path from the
detector diode through the chopper stage must be compen-
sated by a nulling process. The offsets are primarily caused
by thermoelectric effects. The diode itself can generate a
dc offset voltage if there is a thermal gradient across it.
Thermal gradients across dissimilar-metal junctions be-
tween the detector diode and the chopper FETs will also
introduce errors. These offsets are nulled by introducing a
compensating voltage across R, (Fig. 7).

With the RF power turned off, an automatic process in
the HP 8757 A adjusts the detector interface DAC (see Fig.
9) to null the offset and maintain good power level accu-
racy. A detector connected to any input port of the HP
8757A is controlled by that port's digital-to-analog convert-
er, which drives a control line at each detector input con-
nector (Fig. 9). The control line is used to control the detec-
tor's functions and to communicate information back to
the HP 8757A. The functions controlled in the detector are
the mode (ac or dec detection) and dec zeroing. The control
voltage is applied to the input of a comparator in the detec-
tor which converts this analog signal to a logic level which
is applied to the clock oscillator to enable either ac or dec
operation.

The information the HP 8757 A can read from the detector
consists of the detector’s type code, its sensitivity, and its
temperature. By placing voltages on the control line and
sensing the current in R,,,,, an HP 8757A algorithm can
measure the individual resistances Rig, R..n., and Ry,
R.... is a factory-set value that establishes the correction
required for the individual detector diode’s RF sensitivity,
and Ry, is a precision thermistor used to modify the
correction constants in the HP 8757A to correct for temper-
ature effects in the detector. Firmware in the HP 8757A
accounts for switching-diode and parallel-resistance effects
in this circuit, then automatically converts the resistor read-
ings into parameters used by the microprocessor to generate
the detector correction curves.

Rectifier

Fig. 10. Block diagram of the logarithmic amplifier and surrounding circuits
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Fig. 11. Simplified diagram of the ac logger

Logarithmic Amplifier

Fig. 10 shows a block diagram of the log amplifier and
the surrounding circuits. The detector provides the log
amplifier with a 27.78-kHz square-wave signal propor-
tional to the detector’s input power. The log amplifier pro-
duces a dc output voltage proportional to the logarithm of
the 27.78-kHz input signal over a 140-dB dynamic range
(equivalent to about 80 dB in detected power).! This
amplifier is similar to that in the HP 8755A and 8756A
Analyzers, although component and circuit changes have
been introduced to increase the dynamic range more than
16 dB in detected power and to improve overall accuracy
and drift.

The detector output is fed directly into a differential
amplifier which provides impedance matching and high
common mode rejection. Next, a 2-kHz-wide bandpass fil-
ter converts the square wave into a sine wave and reduces
out-of-band noise components. The log amplifier's im-
proved dynamic range compared to the HP 8755A and HP

ot Detector NN
ik ontrol |
Logarithmic —af)
Amplifier A Sample
iy = =
Hoid — Analog-to-Digital
Buffers [ - DS Convene?

Logarithmic

Amplifier B Sample —
and o=
Hold

Logarithmic

Amplifier C Sample

— and

Hold

Logarithmic

Amplifier R Sample
and
Hold

B8756A versions is a result of this narrow filter reducing
the noise floor. Transient response of the circuit depends
primarily on the bandpass filter's response.

After filtering, the signal is compressed by the ac logger,
which produces an ac output proportional to the logarithm
of the input signal magnitude. Fig. 11 is a simplified dia-
gram of the ac logger. The logger consists of twelve 13-dB
amplifier stages connected in series, with each amplifier
driving one of twelve transistor pairs. Each pair acts like
a nonlinear current switch and its output current is summed
with those of the other transistor pairs through the out-
put load resistor. For each transistor pair, a large input
will cause the output to saturate at the bias current, while
for a small input the pair is nearly off. Since the amplifiers
are connected in series, whenever the ac logger input in-
creases by 13 dB, one more transistor pair saturates, causing
the output signal to increase by the bias current of one
transistor pair. This establishes an approximately logarith-
mic relationship between the input signal and the output

CPU Bus

ADC
Control

Sweep W
Control |

Fig. 12. Analog-to-digital con-
verter (ADC) system block diagram
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ADC Control

Sweep
Comparator

Conversion
Counter

Interrupt
Request

»

| ADC Input
Multiplexer

Fig. 13. ADC system schematlic diagramn. A simple state machine reduces interaction with the
main processor

current. The basic HP 8757A ac logger operation is the
same as in the HP 8755A and HP 8756A Analyzers, the
major differences being an increase in amplifier spacing
from 10 dB to 13 dB for increased dynamic range and
closed-loop control of the transistor pair bias currents for
lower temperature sensitivity,

The ac logger is followed by a bandpass filter which
reduces the signal noise bandwidth and shapes the nearly
square logger output into a sinusoid for the rectifier stage.

Next, the signal passes through a multiplexer controlled
by the CPU. From this point on, the signal is dc coupled.
The multiplexer selects either the logged ac signal, a dc
voltage from the temperature sensor in the ac logger for
temperature drift compensation, or the offset of the dc cir-
cuitry.

The dc section consists of an active full-wave rectifier
with low first-harmonic feedthrough, followed by a low-
pass filter. The filter removes all noticeable ripple from
the rectifier output without significantly degrading the log
amplifier’s overall transient response. The resulting dc sig-
nal is fed to the ADC board for digitizing.

ADC

The block diagram, Fig. 12, shows the overall functions
of the ADC system, which are:
Sample and hold
® Analog multiplexer
m ADC
m ADC control
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® Sweep control.

The main functions of the ADC circuitry are to digitize
the analog outputs of the log amplifiers, to provide the
interface to the sweep oscillator’s sweep voltage, blanking,
and stop sweep signals to allow synchronization of the
data-taking process, and to provide an interface to the ex-
ternal detectors. The circuitry that digitizes the analog sig-
nal uses a monolithic sample-and-hold circuit, a 16-input
multiplexer, and a 16-bit hybrid ADC which is short cycled
to 15 bits and converts in 54 us. A simple state machine
(Fig. 13) is included to reduce interaction with the main

Channel A Detector Control

_8, Rcose Detector
i Control
Line
3 Range
s Select

To other Channels
\4
To ADC
Fig. 14. Detector control circuitry lets the HP 8757 A deter-
mine the type of detector
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The HP 8757A Scalar Network Analyzer incorporates a number
of features that make the measurement of voltage-controlled de-
vices easier and more accurate. These devices include voltage-
controlled or voltage-tuned oscillators (VCOs or VTOs) and at-
tenuators (VCAs)

One helpful feature of the HP B757A is its ability to accept a
sweep input that does not conform to the standard sweep oscil-
lator output of 0 to 10 volits (see "Sweep Modes,” page 30)

HP 8757A

DUT RF Out

. HP 85025A/B
Detector

Function Generator
Tuning Voltage Ramp ST E L iR LA HP B116A)

Fig. 1. HP 8757A configured for voltage-controlled device
measurements

The HP 8757A can measure RF power by detecting either
modulated RF {ac detection) or unmodulated RF (dc detection)
using the HP B5025A or HP 850258 Detectors. The choice of ac
detection offers the best dynamic measurement range and high
immunity to noise and temperature offsets. Since a voltage-con-
trolled oscillator may be difficult to modulate with the required
27.78-kHz square wave for ac detection, the user can easily
switch to dc detection by means of a softkey under the SYSTEM
menu. A generalized measurement setup for making absolute
power or normalized measurements is shown in Fig. 1.

Another useful feature is the HP 8757A's limit testing capability.
After entering a limit line, the user can put that limit specification
(either the upper or the lower limit) into the active channel's
memory. This is particularly iImportant in a voltage-controlled at-
tenuator measurement, where the linearity of the attenuator's
attenuation-vs-voltage characteristic is a critical specification
The user first enters on the HP 8757A the start and stop labels
for the feft and right graticule lines, corresponding to the start
and stop voltages from the function generator (see Fig. 1), Then
the user enters a sloped limit line over the voltage range of
interest, representing the attenuator’s ideal linear characteristic,
and puts this limit into memory. When the measurement minus
memory display is selected, the display will show the deviation
from the ideal linear sloped characteristic

Figs. 2 and 3 show two plots of a voltage-controlled attenuator
measurement. In Fig. 2, the attenuation characteristic is mea-

Voltage-Controlled Device Measurements

/|

T f N
| |
| | | |

L l i J_
STRT +2.0000 STOP +7.0000
Fig. 2. Voltage-controlled attenuator measurement of attenu-
ation as a function of control voltage. This measurement was
performed at 3 GHz. The frequency response error was re-

moved by entering detector offsets

CHis B/R-M A
.5 d8/

et I 30 B

ONTROLLED AT UATDR MEASUREMENT

VOLTA

(T

STRT =2. 0000 STOP +7.0000

Fig. 3. Voltage-controlled attenuator linearity measurement.
This is the same measurement as in Fig. 2, except that here
the linear slope charactenistic was removed by placing a
sloped limit line into memory and selecting the measurement
minus memory function

sured relative to the control voltage, which is entered on the plot
as 2to 7 volts. Although the attenuator appears 1o be fairly linear,
a high-resolution (0.5 dB/division) plot of the deviation from the
sloped limit line clearly shows the nonlinearity (see Fig. 3).

processor. In setting up the instrument state, the CPU sets
the multiplexer select and conversion count registers to
the states required to make the desired measurement(s).
Conversions are enabled by writing to the sweep DAC the
value of the sweep voltage for the next data point. This
loads the conversion counter with the value of the conver-

sion count register, which allows the sample-and-hold flip-
flop to be set by the output of the sweep comparator. This
initiates a process that selects the desired input, waits for
settling, triggers a conversion, and stores the data in an
output register. This is repeated until the programmed
number of conversions have been made. An interrupt is

FEBRUARY 1986 HEWLETT-PACKARD JOURNAL 37

© Copr. 1949-1998 Hewlett-Packard Co.




then generated for the CPU to read the data and set the
next sweep DAC value.

The detector control circuitry (Fig. 14) lets the HP 8757 A
determine the type of detector connected. If the detector
is from the HP 85025 Series, a number of additional capa-
bilities are provided to enhance the measurement accuracy.
The circuitry for each channel consists of one quarter of a
monolithic quad 8-bit voltage-output DAC with built-in
latches, a summing amplifier which combines the DAC
output and one of three range voltages, and a current sense
resistor to monitor the output current. The voltage on either
side of the sense resistor can be measured by the ADC. The
three output bias ranges allow different impedances to be
hiased on within the detector. Within a range, two different
bias voltages are applied to the detector and the resulting
currents measured. The effective load impedance can then be
computed. In the case of the detector identity and sensitiv-
ity resistors discussed earlier, these values are used as an
entry to a lookup table to determine the detector ID, capa-
bilities, input power response constants, and sensitivity.

Range 2 allows measurement of the detector’s ID resistor,
which always remains in the circuit, and in the case of the
HP 85025 Detector, selects the dc mode and provides the
autozero feedback to null the offset voltage of the chopper
amplifier. For the HP 85025, range 1 biases the detector
sensitivity resistor and range 3 enables the ac mode and
biases on the detector’s temperature sensing thermistor,

CPU

The digital processing capabilities of the HP 8757A are
provided by an MC68000 microprocessor operating at 10
MHz. I/O is memory mapped and access timing is controlled
by the addressed memory block’s selecting the appropriate
output of the digital wait state generator for a given memory
block, except in the case of the display, which requires
handshaking because of its variable access time. In this
case, a maximum of 11 wait states are allowed before the
default acknowledge occurs. The memory is 96K words of
ROM and 16K words of static RAM. The RAM, which has
two-week battery backup, stores the current instrument
state, nine instrument setups, and four sets of measurement
calibrations. There are also 2K words of EEPROM to store
the instrument calibration that compensates for the log
amplifiers, sample-and-hold circuits, multiplexer ampli-
fier, and ADC.

An RC timer generates periodic interrupts to service user
requests, perform calibrations, and if selected, perform a
dc detector autozero. Status LEDs are used to indicate fail-
ures that occur during the instrument verification and can-
not be displayed on the CRT, such as ROM, RAM, I/O bus,
CRT interface, and interrupt failures. Also, test points are
included that are scanned immediately after a reset; these
can be used to direct the processor to execute a tight loop
to exercise a specific group of digital lines for troubleshoot-
ing purposes.

A removable jumper causes the microprocessor to exe-
cute a MOVEQ instruction continuously. This allows a sig-
nature analyzer to verify the address and data lines and
the ROM contents.
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System Interface

The SYSTEM INTERFACE port provides HP-IB control of a
compatible plotter, printer, and sweep oscillator, Hard-
copy output is initiated by making the desired selections
under the SYSTEM menu, as explained earlier.

This interface provides the user with important sweep
oscillator information on the CRT display of the HP 8757A,
vet allows independent control of the sweep oscillator.
With a compatible HP-IB sweep oscillator (HP 83508, HP
8340A, or HP 8341A), the system interface provides for
combined SAVE/RECALL of both the sweep oscillator and
the analyzer instrument states. Annotation appears on the
CRT display corresponding to the start and stop frequen-
cies. The active marker frequency and the amplitude mea-
surement are also displayed if enabled (and the CURSOR
function disabled). The alternate sweep function of the
sweep oscillator (allowing two different frequency ranges
and/or power levels to be swept alternately) is only possible
with the system interface connected.
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MSEE degree from Stanford University in 1976, He
lives in Santa Rosa, California and supplements his
HF income by investing in real estate. He enjoys
collecting and working on matorcycles and likes
backpacking and racquetball
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