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A “Voltmeter”

for the Microwave Engineer

It makes swept insertion and return loss measurements

simultaneously, over a wide frequency range.

by Hugo Vifian, Frank K. David, and Wayne L. Frederick

O THE MICROWAVE ENGINEER, an instru-

ment that measures insertion and return loss
simultaneously, over a broad band, would be as
useful as is the voltmeter to other electronic special-
ists, provided it is made practical in several im-
portant ways.

* Its measurements must really refer to the micro-
wave measuring port, not just to the output of
some RF converter.

* Stability and repeatability of the measurements
should be so good the meter can properly be
called driftless.

* Broad frequency range is necessary, but it must
be accompanied all the way by adequate accu-
racy and dynamic range, vet drive requirements
should be low.

* Compactness is desirable, and price must be in
line.

The effort to achieve all those desiderata re-
sulted in a new instrument (Fig. 1) that makes sev-
eral contributions. The block diagram (Fig. 2) shows
how elements of the new Model 8755 Frequency-
Response Measuring System work together. The
swept RF output of the microwave source is simply
on-off amplitude-modulated at a 30-kHz rate by the
Modulator, before it is applied through the direc-
tional detector to the device to be tested. Three
identical Schottky-barrier diode detectors sense the
incident, reflected, and transmitted RF waves at the
network ports and convert each into a 30-kHz
squarewave by envelope detection, The amplitude
of the squarewave will be shown to be a measure
of the microwave signal at the various ports. It is
this low-frequency signal that is processed to dis-
play insertion loss or return loss in dB/div on the

CRT of the oscilloscope into which the 8755A Ana-
lyzer is plugged. The 'scope may be any of the HP
180 series.

Schottky-Barrier Diode as RF Converter

Preliminary work showed that only a biased
Schottky-barrier diode could yield enough signal-
to-noise ratio, at —50 dBm, across the bandwidth
needed in the planned swept displays. Desirable
as this high sensitivity is, the biased diode scheme
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nevertheless has a drawback. The signal that re-
sults from the detected microwave power appears
in series with the bias-caused forward voltage drop
of the diode. Fluctuations of this forward voltage
due to temperature and device variations are several
orders of magnitude greater than the desired signal
when at its lowest useful levels, around 5 pv. So it
becomes almost impossible to process the RF-de-
rived signal on a dc basis.

It is the modulation scheme that makes possible
a virtually driftless measurement, while also ob-
taining high sensitivity. Detected, the envelope of
the RF component becomes an ac signal which can
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fortunately, the detected signal amplitude is also a
function of the index of modulation. It is therefore
essential to keep the index constant, regardless of
source power. This can reliably be achieved by on-
off (squarewave) modulation of the microwave
signal. The peak-to-peak amplitude of the detected
signal then also becomes a measure of the absolute
power level seen by the diode detector, and the
8755A system thus may also be used as a calibrated
power meter.

Dynamic Range
A detection scheme with dynamic range of 60 dB
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Evolution of a Diode Detector

The diode detector for a network analyzer might be looked
upon as a product of its “environment," evolving naturally
therefrom. To survive as a final choice, the detector had to
meet many and sometimes contradictory requirements. 1)
Dynamic range from —50 to + 10 dBm calls for tangential
sensitivity* beyond —50 dBm (in a 30-kHz band) and
burnout level above + 10 dBm. 2) Bandwidth 0.1 to 18 GHz,
with extension downwards desirable. 3) Consistent ampli-
tude response from detector to detector—tracking error be-
tween any two under 0.25 dB cver the whole dynamic
range, and all detectors having low-level sensitivity (Y)
within a 0.5-dB window. 4) Frequency response of all
detectors not necessarily flat, but the same, within 1.25 dB,
across the full band. 5) Response variations with tempera-
ture as low as possible. 6) Low reflections from the de-
tector, i.e. good match. 7) Low cost, small size, and field
repairability.

Micro
wave |

30 kHz

Cop I Diode Bias
—y

The choice of diode type narrowed early to the Schottky
barrier. The burnout level of the “back’ diode is too low;
the point contact diode flunks both on dynamic character-
istics and on diode-to-diode variation. The Schottky barrier
diode has been proved uniform, and its TSS exceeds —53
dBm, but it must be biased if its ¥ is not to be zero. When
biased there is a voltage drop across it (200 to 400 mV),
and while that hinders its use as a microwave CW detector,
on-off modulation solves the difficulty (see text),

As a first step in meeting the match requirement, the
incoming microwave line was terminated (R. in the equiva-
lent circuit, Fig. 1; a blocking capacitor, not shown, confines
bias to the diode). It is possible to set bias current so the
diode has 50 ohms dynamic impedance, but only below
—20 dBm; above that the detected signal starts to “re-
bias” the diode. The value of the termination is a com-
promise at 57 ohms, forming a reasonable match when in
parallel with a diode whose dynamic impedance varies
with signal level.

Since the diode sees the same voltage on the microwave

Fig. 1

*Tangential Sensitivity (TSS) is defined as the peak microwave power
(fn dBm) at the diode's input that gives. at the diode's output,

Peak detected voltage
rms noise voltage

20 log =8dB

for any given noise bandwidth. When an rms ac voitmster is used as the
I.¥, detector, TSS is the peak power necessary to raise the output 4.1 d8
above the rms noise voltage

line that the termination sees, and since it follows the so-
called "'square law" through much of its range, the detected
output is proportional 1o the square of the voltage across
the termination, and therefore it is a measure of the power
delivered to the termination.

Thin-Film Hybrid Microcircuit

The circuit has been realized in hardware by thin-film
hybrid microcircuit techniques, which gave the necessary
high degree of circuit-to-circuit uniformity while achieving
the design parameters.

Even though flat response is not necessary, it is never-
theless desirable; the flatter the response, the easier it will
be to meet tracking requirements. A posteriori knowledge
and circuit analysis revealed that the detector's frequency
response is greatly influenced by connection reactance
(L, in the diagram), the composite of reactances resulting
from mounting and connecting the diode chip to the micro-
wave line, in this case a microstrip. (The same would be
true, of course, for such other types of lines as coax or
stripline.) The reactance has all the first-order effects of a
series inductor. If response is to be reasonably flat to 18
GHz its value must be both small and well controlled. It
turns out that connection reactance is not simply and di-
rectly a function of the length of the bonding wire, as simple
inspection might suggest; it is also a function of the geom-
etry of the interacting electromagnetic fields in the structure.
The diode must effectively shunt the line, and shunt ele-
ments are difficult to fabricate when the line and its ground
plane are separated by a sapphire substrate. The practical
solution is shown in Fig. 2.

Bonding Wires

Fig. 2

Connection reactance is reduced in two ways: 1) the de-
sign makes it possible to keep the dimensions of the sub-
strate and the spacing of the capacitors at a minimum, and
2) the opposing directions of the current around the paths
from bonding wire pads to ground plane give some can-
cellation of the magnelic fields, so flux density (in this
structure one direct contributor to connection reactance)
over any portion of the surface is reduced. The inductive
term in connection reactance is, to the first order at least,
controlied in this configuration by the geometry of the sys-
tem; thin-film hybrid construction, with its characteristically
tight dimensijonal controls, thus is ideal for the purpose.

The same balancing of the connection to shunt elements
on microstrip is applicable to construction of a well-behaved
termination. The arrangement is shown in Fig. 3. From dc
to beyond 18 GHz, this termination is free of the series in-
ductive reactance that has been the nemesis of microstrip

terminations. _
continued
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Fig. 3

With the inductive element under some measure of con-
trol the only troublesome parasitic element left is the capaci-
tance component in the diode chip, Cj in Fig. 1. Its value in
a Schottky-barrier diode biased at 100 wa is in the range
0.1 to 0.13 pF, which must be reduced if the detector is to

attain the desired frequency response and termination
characteristics. While nothing can be done directly with the
capacitance inherent in the chip, the substrate can be modi-
fied to reduce its effect. Removal of the ground plane im-
mediately below the point where the diode rests on the line
reduces the effect of chip capacitance satisfactorily. The
remaining effective value was incorporated as one of the
shunt capacitances in a low-pass filter/matching structure,
an often-used strategemn which is effective to 18 GHz here
because the effective capacitance of the chip has been
made sufficiently low.

The final step in adapting the detector to its purpose was
inserting a preamplifier between the output of the detector
and the input of the analyzer. The amplifier provides cur-
rent bias to the diode, and a voltage gain of 4 (but a power
gain of more than 200). It comprises a buffer stage easily
able to deliver a large, fast voltage swing to a capacitive
load. The only stringent requirement was that the amplifier
could not degrade the tangential sensitivity of the diode,
while at the same time it had to be a low-noise amplifier

that handl | i Is.
at handles large signals —Frank K. David

sound impressive until it is realized that the
Schottky-barrier detector used to down-convert the
microwave signal to dc (ac in our case) follows the
so-called “square law" at the lower input levels
This means that each 10 dB of dynamic range at the
RF port requires us to deal with 20 dB of detected
signal range. That leaves us theoretically with more
than 120 dB of signal variation to process accurately
in one single range. To measure low-level RF signals
accurately—signals as low as —50 dBm vyielding
detected signals as low as 5 pv—it is necessary not
only to have good noise performance in the input
amplifiers, but also to obtain considerable rejection
of common-mode signals, and to achieve high isola-
tion among the three measuring channels. As the
block diagram (Fig. 2) shows, the detected signal is
preamplified and buffered in the Schottky-barrier
diode probe, then brought at low impedance to the
actual measuring instrument, which has high com-
mon mode rejection in its input stage.

Signal Shaping in the Logarithmic Amplifier

Since the conversion characteristic of the diode
detector is not a linear function of the input signal
over the entire dynamic range to be served, it is
necessary to compensate for signal compression at
the higher levels to obtain linear overall response.
This correction is accomplished in the logarithmic
amplifier by shaping its response to high-level sig-
nals in accord with the Schottky-barrier diode com-
pression characteristic as shown in Fig. 3. The out-
put of the logarithmic amplifier now is a signal pro-
portional to the absolute microwave power (in dBm)
seen by the detector. The basic logging circuit

5

is similar to the one used in the HP Model 3570A
Network Analyzer, described in last month's
Hewlett-Packard Journal. The logarithmic relation
between the base voltage and the collector current
of a differential pair is used over approximately 10
dB of signal range. Twelve pairs are fed in parallel
by signal levels spaced 10 dB apart, from a voltage
divider for high levels, and from a chain of four
amplifiers for the low signal levels. The currents
in the high-level stages are increased to compensate
for signal compression in the detector. Because all

e
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Fig. 3. Signal shaping produces linear response over
60-dB range.
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The Well-Matched Modulator

A key element in the performance of the 8755A Swept-
Frequency Response Measuring Systemn is the modulator.

The Modulator (Model 11665A) is a two-state absorptive
type, operating with a single current drive. It divides natu-
rally into three sections, a blocking capacitor, an operational
module, and a 100-MHz high-pass filter. Blocking capac-
itors of the disc ceramic type are found on each end of
the modulator. The operational module is a hermetically-
sealed PIN-diode absorptive switch. The 100-MHz high-pass
filter is a three-element Chebyshev design. The filter is
necessary to prevent the modulation drive from being ap-
plied to the RF line; without the filter the drive feedthrough
could be as high as one or two volts, which would show
up as an increase in system noise level, and it would also
decrease the instrument's dynamic range. It could, of
course, change the bias level of active devices in the tested
netwaork, or even destroy them.

Reflective modulators were ruled out for several reasons.
When the match changes rapidly from 50 chms to a short
circuit, the leveling loops in many sweep generators are not
fast enough to keep the power leveled, Under these condi-
tions a grid-leveled BWO generator, operating at low level,
could easily be pulled out of oscillation. The effect of such
changes on the device under test may also be undesirable,
A transistor amplifier, for example, could oscillate when the
modulator goes to a short, and the circuit may not have time
to stabilize before the measurement is made.

The modulator is shown in the schematic here. It op-
erates normally in two states: low loss (+50 mA) and high
loss (—50 mA). During the transition between states the
match gets no worse than 3:1 VSWR and the insertion loss
at zero current is about 6 dB. This occurs when all the
diodes are off, leaving only the two 47-ohm resistors in
series with the load.

In the low-loss state, the series dicdes are conducting,

while the two shunt diodes are back-biased, The series
diodes bypass the 47-ohm resistors; the shunt diodes are
out of the circuit except for their capacitance, which is part
of a low-pass filler. The result is a low-loss path through
the module.

In the high-loss state, the shunt dicdes are biased through
R1. The voltage developed across this resistor back-biases
the one series diode, D1. The other series diode, D4, is not
back-biased but its barrier potential is sufficient that the RF
signal cannot forward-bias the diode. At that diode the RF
signal is low because the module is in its high loss state.
The series diodes being effectively out of the circuit, the
47-ohm resistors now are grounded through the shunt
diodes, and the circuit presents a good match.

The control current is not critical because the diodes are
being used as switches, not as variable resistors as in some
absorptive modulators.

The main problem in realizing the 100-MHz high-pass
filter was to develop an inductor having a particular de-
sired value without substantial resonances from dc to 18
GHz. One way to accomplish this would be a spiral Inside
the coaxial line, If the turns are perfect rings around the
center conductor there will be no coupling to the field; such
coupling can be minimized by keeping small the increase
in diameter of each turn. The effect of the resonances in the
coll can further be reduced by using resistive wire, which
also reduces the transmission losses. The resistance value
of the wire is somewhat critical, since a value too high
would degrade cutoff response of the filter. Resistance of
the inductor finally used is about 3 ohms, introducing a
maximum transmission loss of about 0.25 dB due to the
resonances. Using these filters In the modulator, and the
drive from B755A, the modulation drive feed-through is a
short pulse of energy—Iless than 1 uV rms.

—Wayne Frederick

470 470 =1%q =1%0
D1 D4

D2 D3
° © -I I —O

Low-Loss State

Transition State at Zero Bias
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the twelve logging elements are one monolithic
structure, cyclic ripple is small and overall accuracy
is good—less than 1 dB error over a 100-dB range is
typical.

The signal that results from logarithmic compres-
sion has a variation of less than 30 dB over the in-
strument's full dynamic range; thus it can easily be
rectified for further processing and display.

Three Identical Measuring Channels

Because the instrument provides three identical
measuring channels the user can make three inde-
pendent measurements at the same time and he can
display any two combinations on the CRT. Since
the information is in logarithmic form, a ratio mea-
surement can be simulated by subtracting two out-
puts. This gives the instrument extra versatility, es-
pecially when working with unleveled sources, or

when a network is to be compared with a standard.
Because the shaped signal is proportional to the
power of the RF wave seen by the detector, the in-
strument is also able to measure absolute power
levels on a swept basis.
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Versatile Display Unit Extends

Correlator Capability

Together this new Spectrum Display and an HP Corre-
lator form a versatile and economical instrument for
analyzing signals and systems in the time and fre-

quency domains simultaneously

By David J. Morrison, Brian W. Finnie, Rajni S. Patel, and Kenneth H. Edwards

I N ENGINEERING AND RESEARCH, it often hap-

pens that measurements are most conveniently
and accurately made in the time domain while sub-
sequent information processing and design work
may employ frequency-domain techniques. For ex-
ample, autocorrelation functions, crosscorrelation
functions, and impulse responses are useful time-
domain measurements that are conveniently made
by a digital correlator."! However, much engineer-
ing and scientific work uses frequency-domain
techniques based upon the Fourier transforms of
these functions—power spectra, cross power spec-
tra, and transfer functions.

The new HP 3720A Spectrum Display is designed
to provide frequency-domain displays of data meas-
ured using the HP 3721A Correlator as a time-
domain signal analyzer. The Spectrum Display per-
forms the discrete Fourier transform of the Corre-
lator display and presents the result on its own
storage cathode-ray tube. Axes can be Cartesian
or polar, linear or logarithmic. The user can observe
power spectra, Bode diagrams, Nyquist diagrams,
and many other displays, changing from one to an-
other simply by changing the settings of front-panel
switches.

Together the Spectrum Display and the Correla-
tor (Fig. 1) constitute a versatile, portable, low-cost
analysis system for signals in the range dc to 250

kHz.

What the Spectrum Display Does

Inputs to the 3720A Spectrum Display are data
records from the 3721A Correlator. Each data rec-
ord consists of 100 sample values of a correlation
function computed by the Correlator—autocorrela-
tion for a single Correlator input signal, cross-

8

correlation for two. The Spectrum Display Fourier-
transforms the data from the Correlator, producing
100 real and 100 imaginary coefficients. There are
two basic cases.

Case 1. An autocorrelation function is transformed

© Copr. 1949-1998 Hewlett-Packard Co.




Estimate of the Impulse Response of Band-

pass Filter, obtained by Crosscorrelation. quency.

Transform of (a), Log Magnitude versus
Log Frequency (Bode diagram).

Transform of (a), Real Part versus Fre-

Transform of (a), Real Part versus Imagi-
nary Part (Nyquist diagram).

Fig. 2. Correlator display (a)
and corresponding Spectrum
Display displays. User selects
displays by means of front-panel/
switches.

into the power spectrum of the Correlator input
signal. This spectrum consists of 100 real coeffi-
cients. All imaginary coefficients are zero because
the autocorrelation function is symmetrical about
the time origin. Only one data record is required
in this case, because the negative-time half of the
autocorrelation function can be assumed to be the
mirror image of the positive-time half.

Case 2. A crosscorrelation function between two
input signals is transformed into the cross power
spectrum. This spectrum is complex, consisting of
100 real coefficients and 100 imaginary coefficients,
a total of 200 independent coefficients. Because
any transformation of 100 independent estimates
of a time function can produce at most 100 inde-
pendent frequency coefficients, two independent
data records are required by the Spectrum Display.
Usually, two separate crosscorrelation measure-
ments are made and the resulting data records are
loaded, one at a time, into separate input stores in
the Spectrum Display,

By setting front-panel switches on the Spectrum
Display, the user determines whether a data record
from the Correlator will go into input store 1 or
input store 2, whether the transform will be real

8

or complex, and whether it will be performed on
the contents of store 1 or store 2 or both together.

For the two data records required for computa-
tion of a complex cross power spectrum, two inde-
pendent crosscorrelation functions can readily be
obtained by measuring one with input signal A de-
layed with respect to input signal B, and the other
with B delayed with respect to A. A switch setting
on the Correlator is the only change required.

Displays

The Spectrum Display can display the contents
of either of its data stores, or the transform of
either or both of them. The ability to display the
contents of a store is useful when a second data
record is being measured using the Correlator; both
records can be observed at the same time.

Transforms are displayed on the Spectrum Dis-
play's built-in CRT as they are generated. Loga-
rithmic and polar converters in the Spectrum Dis-
play give the user a variety of possible displays.
Thus the real or imaginary parts of a transform, or
the magnitude or phase can be displayed as func-
tions of frequency or log frequency, and several
other combinations are also possible. Fig. 2 shows

© Copr. 1949-1998 Hewlett-Packard Co.



Fig. 3. Storage tube allows several displays to be viewed
simultaneously. Here the frequency response of an adjust-
able bandpass tilter is shown for three values of the lower
cutolf frequency

some examples.

Using the storage facility, several displays may
be superimposed, as shown in Fig. 3. This is useful
for comparing the results of adjustments or changes
in the parameters of an experiment.

The scale factors of the displayed function are
automatically computed and shown by a front-panel
light-emitting-diode indicator. For examining low-
amplitude parts of a transform, there is a GAIN
contral which increases the internal gain of the
computing circuits. The scale-factor indicator auto-
matically changes to take account of the GAIN
switch position,

Inside the Spectrum Display

The equations describing the discrete Fourier
transform of K samples, x(kat), of a time waveform
are implemented directly in the Spectrum Display.
The real coefficients are given by

K-1
Rnaf) = — X x(kAt) cos 2=nAfkat,
Kk=o0
and the imaginary coefficients are given by
Imaf) = — 2 x(kAt) sin 2=nAfkat,

K=o
where n=1, 2, ... and Af =1/KAt.

Fig. 4 shows the functional blocks necessary for
direct implementation of a discrete Fourier trans-
form. First a set of samples of a correlogram is
required. A digital data record is transferred from
the HP 3721A Correlator via an interconnecting
cable to one of the two stores in the HP 3720A
Spectrum Display.

The stored information may be updated auto-
matically so the displayed transform may track a
slowly changing correlogram. Alternatively the
stored information may be held, enabling the Cor-
relator to perform fresh experiments while trans-
forms of the held data are manipulated and exam-
ined. The two stores, each holding a data record
consisting of 100 12-bit words, may be transformed
separately, or their contents may be treated as one
double length record.

The expressions for the discrete transform call
for cosine and sine waves of controlled frequency.
These are produced by a programmable generator.
Each Fourier coefficient is calculated by summation
of the results of hybrid multiplication of the digital
record, term by term, by successive analog samples
of the cosine or sine wave.

The lowest frequency of the generated waveform,
375 Hz, is used in calculating the transform coeffi-
cients at the frequency Af. The highest frequency,
37.5 kHz, is used in calculation of the Fourier coeffi-
cients at 100Af. The sampling rate of 75 kHz is fixed

Programmable
Frequency
Generalor

Timing from
3721A

v

Imaginary

Log Frequency

Frequency

Fig. 4. Discrete Fourier trans-
form is implemented directly in
the 3720A Spectrum Display.
Data records in the two input
stores can be transformed sepa-

Magnitude *
+ Log rately or treated as one double-

Phase Magnitude length record. Triangular win-

dow s switch-selectable
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Fig. 5. Continuous interpolation between points reveals
the true values of spectral peaks. Interpolation is switch-
selectable.

for all frequencies of calculation.

In normal operation, calculation of the Fourier
coefficients is performed at each of 100 frequencies
using first the sinusoidal and then the cosinusoidal
multiplying signal. The results are accumulated in
an adjustable-gain analog integrator and stored on
two capacitors, one for the imaginary coefficient
and the other for the real coefficient.

All samples in a data record contribute to every
Fourier coefficient, and a total of 100 pairs of co-
efficients are produced. The oscillator is swept over
two frequency decades during calculation and dis-
play of a complete set of Fourier coefficients, each
cycle lasting 850 milliseconds.

The frequencies nAf of the transform coefficients
are determined by the Correlator time scale control
settings, which are digitized and transferred to the
Spectrum Display via the interconnecting cable.
The frequencies nAf are not related to the harmon-
ics of 375 Hz used in calculating the coefficients.

Resolution and Interpolation
The Spectrum Display can be regarded as a set of

1

100 narrow-band filters centered on harmonically
related frequencies, all operating on the same input
signal. The output of each filter is a measure of the
energy in the input signal in a band of frequencies
centered on the frequency of calculation.

The resolution of the transform is usually defined
as half the bandwidth of the principal lobe of each
of the 100 filters. In the 3720A the effective filters
are of constant bandwidth and the resolution in
hertz is Af = 1/2004t.

If the lowest frequency of calculation is exactly
1/200At, the coefficients calculated are those of the
Fourier series. However, the lowest frequency is
not restricted to this value. The front-panel INTER-
POLATION control can be used to vary this fre-
quency over a continuous range between 1/200At
and 1/100At. Changing this frequency is equivalent
to moving the set of effective filters by an incre-
ment in the frequency domain. Each new set of co-
efficients calculated will be mutually independent,
but will not be independent of the Fourier-series
coefficients or any other interpolated set.

The INTERPOLATION control gives continuous
adjustment of the frequencies of calculation
throughout the frequency spacing of the Fourier
series. In the automatic position of the control, ten
interpolated sets of coefficients are calculated, the
entire sweep producing a near continuous display
on the screen. All of the displays shown in Figs. 2,
3, and 6 were produced using this feature.

The accuracy of estimation of the energy of line
or narrow-band spectra is much improved by the
use of interpolation (see Fig. 5).

Marker Aids Harmonic ldentification

Identification of the frequency of a particular
displayed point is straightforward if frequency is
plotted linearly on the horizontal axis. The lowest
frequency and frequency spacing are available from
the scale-factor display, and the harmonic number
can be obtained using the CRT graticule. With the
INTERPOLATION control switched to the manual
setting the frequency spacing is 10 points per grati-
cule division. The lowest frequency is located at
the left hand vertical grid line of the graticule, and
100 points occupy the full screen width.

An arrowhead marker can be set to indicate any
point on the trace. The marker is useful for identi-
fyving corresponding points on different displays—
e.g., the 90° phase shift point on a Nyquist diagram
and the corresponding Bode diagram (Fig. 6).

When the horizontal axis doesn't represent fre-
quency, the marker can help identify the frequency
of a point. Placing the marker on the point of in-
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terest and switching the HORIZONTAL control to
FREQUENCY makes it possible to determine the
desired frequency.

Windows

The information contained in the correlation
function supplied to the Spectrum Display is a func-
tion of the range of delay time used in its calcu-
lation. This selection of a finite length data record
from a theoretically infinitely long correlation func-
tion is inevitable in any practical Fourier transform
measurement and is known as windowing,

The effect of windowing is most easily explained
by once again treating the combination of Correla-
tor and Spectrum Display as a set of narrowband
filters. If the correlation information is taken di-
rectly from the Correlator and directly transformed,
the effect is to give each of the filters a sin x/x
shaped response. This response arises because of
the finite length of the correlation function and
because of the abruptness of the truncation at the
limits of the delay.

Nothing can be done about the effects of the
length of the correlation function, but the trunca-
tion effects can be ameliorated by preprocessing
the correlation function to a gentler cutoff. Many
window functions are used for this purpose.’ One
of the most convenient uniformly decreases the cor-
relation function by weighting it progressively with
a triangular window function. The Bartlett window,
as this function is known, is available as a standard
feature of the Spectrum Display.

Dynamic Range

The dynamic range of an instrument can be de-
fined as the ratio of the maximum signal handling
capability to the noise level. For the Spectrum Dis-

Fig. 6. Arrow marker is usefu
swilching from one display to another, and as an aid in

:gfr'-nc.!.'..r.,-: the frequency of a =elected point.

for identifying points when
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play, this is most usefully expressed in terms of the
spectral analysis performance of the Correlator/
Spectrum Display combination, since the latter in-
strument doesn't have a conventional input signal.

The digital factors influencing dynamic range are
quantization of the input signals to the Correlator,
truncation or quantization introduced by the trans-
fer of data from Correlator to Spectrum Display,
and quantization noise of the digital inputs to the
hybrid and window multipliers in the Spectrum Dis-
play. The principal analog factors are harmonic
content of the sinusoidal generator within the Spec-
trum Display and offsets introduced by analog mul-
tiplications and summation.

For a broadband spectrum the dynamic range of
the quantizers is at least 3.7 decades, and will in
most instances be better than this [see appendix).
The digital processor in the Correlator uses 24-bit
arithmetic and can be considered to be error-free
for this dynamic-range discussion. Transfer of data
from the Correlator to the Spectrum Display in-
volves truncation to 12 bits, which has been shown
by computer simulation to support a dynamic range
of over 4 decades. Thus, the principal limitations
on the dynamic range of the spectrum analyzer
come from the analog circuit elements.

The hybrid multiplier and the window multiplier
have at least three decades of range, both being de-
termined by the tracking accuracy of a resistor lad-
der and the drift of an operational amplifier.

The sinusoidal signal used in the transform is
produced by diode shaping of a triangle wave gen-
erator. The total distortion of the sinusoid is better
than 2.3 decades below fundamental. The effect of
the distortion is distributed over a number of un-
wanted harmonics and the error introduced at any
calculated point is a function of the harmonic con-
tent of the signal under analysis.

Offsets, either of the generated sinusoid or aris-
ing in subsequent analog processing, contribute di-
rectly to dynamic range. Because of the variable
gain in the transform processor, conventional chop-
per amplifier techniques cannot be used to minimize
the resulting errors. The capabilities of the program-
mable sine/cosine generator have been used to re-
duce offsets to a very small level. Each coefficient
is calculated twice; first with a multiplying function
of reference phase, and then with its inverse. The
two results are subtracted to cancel the offset term.
Offsets of real and imaginary coefficients can be
maintained at better than 3.6 decades below funda-
mental throughout the operating range.

By attaching a DVM to the X-Y plotter output and
using the record cycle control, the full dynamic
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range is available to the user. Overall, the dynamic
range exceeds 400:1,

Programmable Sinusoidal Generator

The sinusoidal generator must sweep over two
decades and be rapidly switched from sine to cosine
generation, with either reference or inverted phase.
Its harmonic purity and stability dictate the over-
all performance of the instrument.

The circuit used is a variable-frequency triangle
generator® with subsequent diode shaping. It is
sketched in Fig. 7. The repetition rate of the triangle
wave is controlled by the programmable input re-
sistor of the integrator, R,. It is capable of spanning
a two-decade frequency range (375 Hz to 37.5 kHz).
The reference supply is switched by a comparator
which detects both positive and negative excursions
of the integrator beyond preset values. The gen-
erator can be started in any one of four quadrature
phases by the use of FET control switches.

The operation of the circuit may be summarized
as follows. Suppose, first, that the integrator output
has been preset to zero. Then, using switch S1,
either the positive or negative preset voltage can
be set at the comparator, to generate triangle waves
of the appropriate phase, Consider, for example,
that the negative voltage is used. The comparator
latches in the preset state due to positive feedback,
and, when the integrator is released, the output in-
creases linearly until the voltage at the comparator
(controlled by the dividing network of resistors
R1 and R2) exceeds zero. The comparator then
switches with both integrator input voltage and the
comparator input voltage going positive.

The quadrature phases are obtained by presetting
the integrator to one of its non-zero preset voltages
(positive or negative) via 52,

The frequency is controlled by the programmable
resistor to better than 0.5%.

Polar Converter
Operation of the polar converter is based on the
equation
R cos wt — 1 sin wt =M cos («t+¢)
where M = Magnitude = \/(R* +I¥), and ¢ = phase
= tan™' I/R.

The block diagram, Fig. 8, illustrates the imple-
mentation of the polar converter in the Spectrum
Display. The real and imaginary parts of the trans-
form are modulated, using FET switches, by 75-kHz
reference and quadrature-phase square waves, re-
spectively. An operational amplifier sums and fil-
ters the modulated signal and is followed by an
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R,® -Programmable
Resistor.

Fig. 7. Programmable generator produces the sine and
cosine wavetorms used in the transform calcufations. It
sweeps over two decades in frequency and has excellent
stability and spectral purity

adjustable phase compensation network, which
controls errors due to filter misalignment.

Phase measurement is accomplished by integrat-
ing a fixed voltage over the period between the
leading edge of the reference square wave and the
zero-crossing time of the magnitude sinusoid.

Whenever the sinusoid leads the reference (posi-
tive phase angles), the polarity switch applies a
fixed voltage to the integrator to give a positive-
going ramp. Conversely, when the sinusoid lags, an
equal-magnitude voltage of opposite polarity is ap-
plied. The zero crossing of the sinusoid is detected
by a comparator followed by a monostable multi-
vibrator. The latter triggers off one edge of the com-
parator output only, and has an output pulse of
period one-half that of the modulating frequency.
The use of this pulse rather than the comparator
output in the phase detector circuitry eliminates
errors due to differences between the rise and fall
times of the zero-crossing detector.
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Sampling
Control

Fig. 8. Polar converter converts
real and imaginary paris of trans-
forms to magnitude and phase
for display.

Phase
Sampler

Magnitude is measured by sampling the peak of
the magnitude sinusoid. The sampling pulse is de-
rived from the phase detector circuit to assure that
the sample is taken at the peak regardless of the
phase relationship between the reference modula-
tion signal and the resultant modulated sinusoid.
To allow for settling time, both magnitude and
phase values are sampled on the tenth modulation
cycle after computation of fresh real and imaginary
values, giving a total conversion time of 1.06 ms.
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APPENDIX
Effects of Input Quantization

The effect of quantization in an analog-to-digital converter
is to add uncorrelated broadband noise to the desired sig-
nal. The noise power is g*/12, where g is the amplitude of
one quantization step (assuming all steps equal). If the
same quantizer is shared between input channels of a cor-
relator, or if similar quantizers are used, the additive noise
signals correlate with one another and are a source of bias
error in the estimation of the correlation function. The HP
3721A Correlatar, therefore, employs dissimilar analog-to-
digital converters on the input channels. A fine 7-bit quan-
tizer is used for one input channel and a fast 3-bit quantizer
for the second input channel

Mathematically, each input is equivalent to a linear gain
(=1, for normal input signal levels within the HP 3721A
input range) plus additive noise. The additive noise [s un-
correlated with the signal in each channel. If the input sig-
nals are uncorrelated, then there will be no correlation be-
tween the additive noise signals that will give rise to a bias
error in the estimate of the crosscorrelation function and so
in the estimate of the spectrum. The worst case of correla-
tion occurs between identical input signals, so bias error
will be greatest for autocorrelation and power spectral den-
sity estimates. The error is, at worst, wideband with a value
q'/12 (where q is the step size of the interfering quantizer)
and is distributed equally over all frequencies at which the
transform is calculated. If the measured spectrum is of
wideband noise, then the interference will be 3.7 decades
below full scale. For a single line spectrum, whose signal
energy is concentrated at one frequency, the range between
it and the interference will be 5.4 decades.

The variance errors on the estimates can be derived using
standard techniques employing the statistical properties of
the signals and of the noise terms.*
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SPECIFICATIONS
HP Model 3720A
Spectrum Display
INPUT

DATA AND RANGE: The 100 displayed points from the 3721A
Caorrelator are trensmitted as a series of 12-bit digital words,
time-multiplexed with calibration information from the 3721A

INPUT STORAGE: Two separate Input stores, 1 and 2, allowing
two independent blocks of 100 points to be stored.

PROCESSOR
COMPUTED TRANSFORMS:
a) The Real transform of the contents of either store.
b} The Complex transform of the contents of either store.
¢} The Complex transform of the contents of both stores 1 and
2 taken together

FREQUENCY RANGE: 0.005 Hz to 250 kHz using internal 3721A
clock. Lower limit extendable down to dc with external clock.
In any one measurement two frequency decades are displayed,
the highest fregquency being 1/2At Hz: where A |s the Corre-
later TIMESCALE setting

DYNAMIC RANGE: Ratio of full scale signal to noise level, for any
fixed gain, Is better than 50 dB.

GAIN: Continuously variable over a 2 decade, 40 dB range in seven
discrete steps, with intermediate vernier

SPECTRUM FLATNESS: Amplitude flatness over entire instrument
frequency range Is within ==1%.

WINDOW: Two cholces are avallable

OFF—data is directly transformed (nominal bandwidth=1/2004t}

OM—data is weighted with a triangular window prior to transfor-
mation (nominal bandwidth=1/1004t).

INTERPOLATION:

MANUAL—allows simultaneous and equal shifting of the frequency
of all 100 displayed points by an amount up to 1 full frequency
interval Af

AUTO—automatically performs a fine frequency shift by calculating
ten equally spaced points across each frequency interval Al

FREQUENCY INTERVAL (Af): Spacing between 2 adjacent lrequency
points in Manual Interpolation mode. Af=1/2004t Hz
QUTPUTS

TRANSFORM PRESENTATION: The transform may be presented
using the following combinations of axes; any Vertical axis may
be used with any Horizontal axis.

VERTICAL HORIZONTAL
Phase Frequency

Log Magnitude Leg Frequency
Magnitude Real

Imaginary Phase

Real

CRT DISPLAY: Variable persistence 8 x 10 division CRT display,
with storage facility.

MARKER: A movable marker can be placed on any displayed point
on the CRT trace. If axes are altered the marker (s automatically
transierred to the corresponding peint on the new display

CALIBRATION: Presented on an |lluminated indicator panel. Dis-
played functions are automatically calibrated for horizontal and
vertical axes and nominal frequency interval Al

X-Y RECORDER: Separate analog outputs corresponding to hori-
zontal and vertical coardinates of the CRT display.

PRICE IN USA: $§5895.00

MANUFACTURING DIVISION: HEWLETT-PACKARD LIMITED
South Queensferry,
West Lothian, SCOTLAND
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Voltage Precision and High

Current Capability —

Both in One Power Supply

This new family of power supplies combine the

accuracy of a calibrator with
brute force power

By George G. Emmermann

UBSTANTIAL CURRENT IS NEEDED AT PRE-

CISELY KNOWN VOLTAGES in a number of
applications. Among these are calibration and per-
formance evaluation of positioning servos, memory
excitation, and A-to-D converter tests. Also in-
cluded are TTL threshold and other semiconductor
tests where it may be expedient to test several de-
vices in parallel.

High current and voltage precision are conflict-
ing requirements, however, Temperature rise within
a supply caused by higher power tends to degrade
stability. Freedom from load effects at high current
levels demands that the effective output imped-
ance approach zero more closely. In addition, trans-
former leakage flux levels are higher, increasing the
difficulty of obtaining low ripple levels.

The usual solution to these problems has been
to use a precision voltage source to control a power
supply that has the desired current capability, Now
there is a simpler and more economical solution. A
new family of power supplies has both voltage
precision—i.e. 0.025% accuracy, 0.0005% regula-
tion—and output power capability (up to 40 volt-
amperes).

Two of the new units (Models 6104A and 6114A)
can supply 2 amperes up to 20 volts and 1 ampere
on up to 40 volts. The other pair (Models 6105A
and 6115A) supply 800 mA up to 50 volts and 400
mA up to 100 volts. These are dual-range supplies
with automatic crossover between ranges.

One model of each pair has a 4-digit pushbutton
switch with a 5th digit continuous vernier (Fig. 1)
that enables the output voltage to be set quickly
with a resolution of 0.2 mV, a resolution made use-
ful by the unit's high accuracy and stability. These
units (Models 6114A and 6115A) are useful for
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calibrating devices on the production line and for
a number of uses on the lab bench, They have one
meter that can be switched to read either current
or voltage.

The other units (Models 6104A and 6105A) are
intended primarily for applications where the out-
put voltage is programmed by an external precision
device. They have 10-turn controls for setting the
voltage at the front-panel in the absence of an ex-
ternal controller. Two meters are provided, one for
monitoring voltage and the other for current.

All of these supplies can also work in a constant
current mode with the current regulated within
0.01%. A front-panel control establishes the cur-
rent level. This control can also be used to estab-
lish a current limit when the supply is operating in
the constant-voltage mode. An indicator lights up
to show when control of the output passes from the
voltage regulator to the current regulator.

Power Plus Stability

The stability needed for high precision in a power
supply has usually been obtained by enclosing the
voltage-reference diode and other critical elements
in an oven. The oven holds these components at a
constant temperature, isolating them from changes
in the ambient,

But, by solving one problem, ovens create others.
For one, the oven may take a half hour or so to
warm up and stabilize the output level. For another,
the switching of the oven's regulator may affect the
output. Then too, the elevated temperature inside
the oven may accelerate degradation of the com-
ponents within. And, an oven adds cost and com-
plexity.

A better cost/stability ratio was achieved in the
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new supplies by using higher quality components
without an oven. The reference-voltage diode is
temperature compensated. The comparison ampli-
IC
manufactured to HP's specifications. It has the high

gain needed for eood load regulation at high output

fier is a newly available, low-drift, monolithic

current levels, but it dissipates little power. Preci-
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sion wire-wound resistors are used in networks
that control the output voltage, and the reference
voltage is trimmed with a deposited-metal trimmer
has a temperature coeflicient ol 20 ppm G
and excellent long-term stability.

As ¢

|I\|‘E£!i.

that

1 result, the pushbutton supplies have an
ature coefficient of 0.001% 15 uV
and the temperature coefficient of

temper
per degree C,
the supplies that use the 10-turn controls is 0.005%
25 pV per degree C (Fig. 3). All warm up to speci-

fied accuracy within 5 minutes (Fig. 4) an especially

important consideration if a supply is to be used

= | X &
| _~

30 40 50 60 70 *C
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Table 1
T B116A |

New 6115A T41A AC-DC
Modael High-stability Precision Power AVM/DC Standard
Power Supply Supply
Output V 0-100 V 0-50V |50-100V 0-1000 Vv
Output | | 0-200 mA | 0-08A |0-04A 0-20 mA
Accuracy ‘ 0.1% + 1 mV ‘ 0.025% -+ 1 mv 0.015% +
| | 15 ppm of range
| { |
Stability 0.1% + 100 pV | 0.0015% + 15uV ]0.001% + 1 ppm|
(8 hours) | of range (24 hre)

| Temperature
Coefficient

—_— 1 ! —

[Frice ' $375 $540 _ s2145 |

(10 ppm + 10 gV}/°C[(10 ppm + 15 wv)/oC| (3 ppm + 1 ppm |

of range)/°C |

as a portable calibrator. Typical overall long-term
stability is shown by the recording in Fig, 5.

Table I compares the performance of one of the
new family with those of a high-quality lab supply
and a vollage standard. Note that the current out-
put capability of the new supply is substantially
greater than either of the others. The stability and

e e o

___ ' T 1z0Min

Fig. 4. Warm-up characteristic of new power supplies.
This recording shows output of Model 6115A, set arbi-
trarily to 15.893 voits. Within an instant of switch-on, out-
put is within rated accuracy for that voltage (=4 mV =
1T mV).

accuracy of the new supply approaches those of
the voltage standard whereas its price is more like
that of the lab power supply.

Dual-Range Efficiency

Temperature rise within the new supplies is
lower than the usual series-pass regulator supply
because of the higher efficiency of the dual-range
configuration. In any supply that has a fixed recti-
fier output, the series regulator dissipates consid-
erable power when the unit supplies high current
at a low voltage. This is because the regulator in-

troduces the voltage drop required to bring the out-
put down to the level selected.

The power supplies described here reduce regu-
lator dissipation at low output voltages by using
two “raw" de supplies and two regulators, as de-
scribed in Fig. 6. One supplies maximum output
current up to one-half the maximum output voltage,
and the other supplies the higher voltages, but only
up to one-half the maximum current. Internal power
dissipation over the full range therefore has the
characteristic shown in Fig. 7 and is much lower
than it would be with a single regulator,

Ripple Reduction

Perhaps the most difficult problem to resolve eco-
nomically was reduction of transformer induced
ripple to less than the design goal of 100 1V peak-
to-peak at 60 Hz. Stray magnetic fields from the
power transformer can induce voltages in three cir-
cuits that affect the output voltage: (1) the constant-
voltage comparator input; (2) the reference voltage
output; and (3] the voltage-control resistor. Con-
nections to all these circuits are brought to a rear-
panel barrier strip so that the power supply can
be programmed by an external resistance or volt-
age, so the “sense” leads can be brought to an
external point to regulate the voltage at that point,
and so that supplies may be operated in series for
higher voltage or in parallel for higher current under
one-knob control. Ripple problems arise when stray
magnetic fields induce currents in the leads that
connect the circuits to the barrier strip.

To reduce the induced voltages, the leads were
routed as far as possible from the transformer, and
the transformer was oriented to minimize the fields
near the leads. The two leads for each circuit loop
were made the same length and run closely adja-
cent to each other on the printed-circuit boards and
as twisted pairs off the boards. Parasitic imped-
ances associated with the input to the voltage com-
parator amplifier were carefully balanced for max-
imum rejection of common-mode signals. Any cur-
rent that may be induced in the reference-circuit
loop is bypassed around the programming resistor
by a capacitor. As a result, ripple is less than 100 .V
peak-to-peak, an order of magnitude better than the

Fig. 5. Stability of new power

[}
0.5mV

4

l[e—1hr—s|

supplies shown by 8-hour re-
cording of Model 6115A outpu!
monitored by differential volt-
meter rated with less than 1
ppm/hour drift. Power supply

output, arbitrarily set to 15.893
volts, changes less than 0.125
mV.
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fo on ange maximum,

.
Col-

-hall that ol low-r

usual series-pass regulator supply of comparable
output capability and, of course, many times better
than supplies that use switching regulators.

Overvoltage Protection

To protect sensitive circuits from excess voltages
caused by accidental misadjustment of controls, par-
ticularly when the supply is working in the con-
stant-current mode, these new units have a sensi-
tive “crowbar' circuit (Fig. 8) that short-circuits the
output within 10 ss of occurrence of the overvolt-
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it by diode D1 so0 SCR can
assuring that
vel is set as low as 0.5 volts

that output v
determined by lront-par
SCR Is de
be biased abol
SCR tires even when trip

e oulput leve!

age. A front-panel screwdriver control sets the trip
level at any voltage from 10% above the supply's
maximum output down to as low as 0.5 volts. It
can also be triggered by an external signal where
an orderly shut-down of several supplies in a sys-
tem may be required. A front-panel indicator lights
up to show that the crowbar has fired.

Space was provided within the instrument for
installation of optional optoelectronic isolators for
coupling out the status of the overvoltage and cur-
rent mode indicators. These can be useful when the
supply is used as part of an automatic test system.
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SPECIFICATIONS
HP Models 6104A, 6105A, 6114A, 6115A Power Supplies

DC OUTPUT

B104A, 6114A | 61054, 6115A

VOLTS: | 0-20 | 2040 | 0-50 50-100

AMPERES: | 0-2 0-1 0-08 0-0.4
OUTPUT IMPEDANCE (typical): 0.05 mQ in series with 3 uH.
LOAD REGULATION

6104A and 6114A  6105A and 61154

Vgltage (with load change 0.0005% + 100 xV 0.0005% + 50 xV
equal to current rating):
Current (with load voltage change equal to voltage rating of sup-
ply): 0.01% of output level +0.5 mA.
LINE REGULATION (for source voltage change from 104 to 127 Vac
or 208-254 Vac at any output voltage or current within rating)
6105A and 6115A

Voltage: 0.0005% + 40 pV 0.0005% + 100 uV
Current: 0.005% + 40 uA 0.005% + 20 uA

RIPPLE AND NOISE (at any line voltage and load within ratings)
Voltage: 40 uV rms, 100 4V p-p (10 mV p-p with 400 Hz source).
Current: 0.2 mA rms, 1 mA p-p.

TEMPERATURE COEFFICIENT (per degree C)
B104A 6105A

6104A and 6114A

6114A and B115A

Voltage: 0.005% + 25 uV 0.005% + 50 uV  0.001% + 15 pV
6104A and 6114A 6105A and 6115A
Current: 0.02% + 50 gA 0.02% 4+ 25 uA

LOAD TRANSIENT RECOVERY (time to recover within 10 mV of se-
lected output level following load current change equal to supply's
current rating): <50 us

METER ACCURACY: 2%

DRIFT (under constant line, load, and ambient conditions)
6104A and 6105A 6114A and 6115A

0.005% +50 uVv* 0.0015% +15 uVt

Voltage, B-hour:
Voltage, 80-day
(tentative spec): 0.01%  +100uV* 0.0075% +30 uVi

6104A and 6114A 6105A and 6115A
Current, 8-hour: 0.25% + 7 mA 0.25% + 4 mA

* Pot wiper effect may add 5 mV to 6104A or 10 mV to 6105A.
T With 5th digit set to zero. Otherwise, pot wiper effect may add

200 uV.
PROGRAMMING COEFFICIENTS
Resistance Voltage
programming programming
Voltage: 2000 2/V £0.01% 1V/V =0.2 mV

Current (6104A, 6114A): 500 2/A =0.25% 0.5 V/A =1.0%
Current (6105A, 6B115A): 1000 02/A =0.25% 1V/A =1.0%

PROGRAMMING SPEED

61044, | 6105A,
6114A 6115A

From zero up to within 89.9% of max |No load | 60 ms | 150 ms

rated output voltage: |Full load | 200 ms | 500 ms

From max rated output voltage down |No load | 600 ms 158

to less than 0.1% of that voltage: |Full load| 100 ms | 1758

OVERVOLTAGE PROTECTION CROWBAR
Trip voltage range: 0.5 V to 10% above max rated output

POWER INPUT: 104-127 or 208-254 Vac 48-440 Hz, 150 VA max.
DIMENSIONS: 734 in W x 6% in H x 13% in D (197 x 166 x 336 mm)
WEIGHT: 17 lbs (7,7 ka)
PRICES in the U.S.A.:
6104A: 3440, 6114A: $525.
6105A: $455. 6115A: $540.
MANUFACTURING DIVISION: NEW JERSEY DIVISION
Green Pond Road
Rockaway, New Jersey 07866
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