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MAKING AUTOMATIC PHASE MEASUREMENTS
WITH THE 5345A ELECTRONIC COUNTER

This application note describes a calculator based HP Interface Bus System
which automatically measures phase from 0° to 360° for frequencies up to 1 MHz.
The 5345A Electronic Counter makes the measurement system possible due to its
ability to make high resolution non-biased time interval average measurements,
its high sensitivity, and its compatibility with the HP Interface Bus. The 5345A’s
unique time interval capability permits accuracies in the phase measurement to
better than .1° and repeatability of .01°. Since measurements are fast and
completely automatic, the system is well suited to application areas such as
production testing and quality control. The high accuracy recommends the
system to laboratory and R&D applications. Use of the HP Interface Bus ensures
that the instruments need not be dedicated to this particular configuration.
The bus allows instruments to be quickly and easily reconfigured to solve a
variety of measurement problems.




INTRODUCTION

The phase difference between two signals of equal
frequency may be computed from a time interval
measurement and a period measurement according to
the equations:

At = At
deg) = 360 = ; d) =2r =
¢ (deg) T ¢ (rad) =27 T

where At = the time interval between corresponding
points on the two waveforms and T = the period as
shown in Figure 1.

At

Figure 1
MEASUREMENT SET-UP

The measurement system consists of the 5345A Elec-
tronic Counter (opt. 011), the 59303A D-to-A Con-
verter, the 59307A VHF Switch, the 59405A opt. 020/
021A HP-IB Calculator Interface, the 11221A Math
ROM block, and the 9820/21A Calculator. The in-
struments are connected to the calculator as shown in
Figure 2.
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Set the Talk/Listen address switches on the 5345A
counter, the 59303A DAC, and the 59307A VHF
switch as specified in Table 1. These switches are
located on the rear panels of the instruments and
must be set as specified so as to agree with the ad-
dresses used in the program.

Table 1
TALK/LISTEN MODE
ADDRESSES | switcH | AS|A4| A3 [AZ | A1
5345A g addressable | 0 1 0 1 tt
Counter
59307A
VHF Switch /> addressable | 1 1 1 1 ]
59303A | /9 (program)
DAC /8 (data) addressable | 1 1 0 0 |+t

ttnot used

Place the Math and PCII ROM blocks into ROM
slots 1 and 3 respectively of the 9820A Calculator.
To interface the instruments to the calculator, per-
form the following: plug the ASCII Bus Interface
Card into any of the four slots on the rear panel of the
9820A Calculator. Connect ASCII Interface cables
(10631A, B, or C) from the interface card of the calcu-
lator to the rear panel plugs of the 5345A counter, the
59303A D to A Converter, and the 59307A VHF switch
(choose cable lengths such that the total length of
ASCII cable does not exceed 24 feet).

Set the following 5345A controls: impedance (chan-
nel A and B) to 1 MQ, slope (channel A and B) to +,
trigger level (channel A and B) to preset, attenuation
(channel A and B) to X1, coupling (channel A and B)
to DC, and the SEP/COM switch to separate. Since
the calculator remotely controls all other front panel
controls of the counter and all the controls of the
VHF switch and DAC, there is no need to set these
controls to any particular position.

THEORY OF OPERATION

The measurement system depicted in Figure 2 is set
up to make a phase measurement on a differential
basis. This means that to find the time interval cor-
responding to the phase difference between the two
signals, two time intervals are measured and the
difference is taken. The advantage to this method
is the fact that systematic errors are cancelled and the
overall accuracy of the measurement is improved as
compared to a single measurement. The reference
time interval measurement is made with the Al input
of the VHF Switch connected to A common and the
trigger level of channel B (controlled by the DAC)
adjusted to obtain a time interval greater than 10 nsec
(the counter cannot measure time intervals less than
10 nsec). The second time interval measurement is
made with the A2 input of the VHF switch connected
to A common. These two measurements are repre-
sented in Figure 3. Since 7is common to both meas-
urements, when the two measurements are subtracted,
the resultant time interval corresponds precisely to
the phase difference between the signals.
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PROGRAM OPERATION

Key into the calculator the program listed on the
back of this application note. The program will re-
quire the user to respond to the following:

“NO. IN AVE” — The user should enter the desired
number of time intervals over which the time inter-
val average measurement is to be made.

The flow diagram of Figure 4 diagrams the program
operation. With the counter gate time in MIN., the
program measures the reference signal time inter-
val (input Al of the VHF switch connected to
Common A) and the measurement signal time inter-
val (A2 connected to Common A). By knowing the two
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Figure 4. Program Flow Diagram

time intervals and the desired “NO. IN AVE”, the
program can select the appropriate counter gate
times for the average by calling the subroutine
“GATE”. This subroutine selects a gate time such that
the desired number of time intervals will be averaged
in the reference signal or the measurement signal
time interval measurements.

The MIN subroutine is called to set the channel B
trigger level by programming the DAC such that the
reference signal time interval is greater than 10 nsec.
This is necessary since the counter is not able to meas-
ure time intervals less than 10 nsec. A 10 nsec delay
could have been introduced by inserting a length of
cable between the A and B channels but, as is dis-
cussed under Measurement Considerations, the
difference in capacitance due to differences in length
of the cables introduces significant errors in the
phase measurement.

With the appropriate gate times selected, the refer-
ence signal time interval and the measurement signal
time interval are measured. A period measurement
is then made. The phase is then computed by the
equation

G BN )

¢ (deg) = 360* -
period

The phase in degrees and radians is output on the
calculator printer in the following output format:

FHASE (DEGI=
181,14
FHAZE [(READI=
S 161
Figure 5

MEASUREMENT CONSIDERATIONS

1. ACCURACY: The measurement procedure used

in this application note can be described as a
difference technique where two measurements
are made, the difference in which gives the actual
time interval corresponding to the phase differ-
ence in the signals. This has a number of advan-
tages, two major ones being: systematic errors
are reduced to zero; and, for equal amplitude
signals, no error is introduced by having Channel
A and Channel B trigger at points other than
the zero crossing. The following will discuss the
contribution to the total measurement error due to
trigger error, error due to difference in ampli-
tudes between the signal and the reference, and
the error due to unequal lengths of cable in the
measurement signal and reference signal paths
which, depending upon the impedance of the
sources, causes an actual shift in phase.
The accuracy of the phase measurement is deter-
mined by the relative accuracy of the two time
interval measurements. The rms error in a time
interval measurement may be written as

. o .
+ trigger error * 2 nsec 4 7 pqec + time base accuracy

Vintervals averaged

The t .7 nsec error and the time base error will
be subtracted out when the difference is taken.



The trigger error for a time interval measurement
on a 10 mV rms signal with noise voltage less than
100 wV rms (40 dB S/N) is given as +.3% of the
time interval reading. As the signal voltage is in-
creased (assuming the noise remains below
100 uV rms), the trigger error is decreased due
to the increased slope through the hysteresis
window of the counter. The trigger error for a
signal with level v volts rms is approximately

* T.I. reading (for noise < 100 uVrms and

£3x1075
4 attenuator X1)

For a reference signal level of v volts rms and a
measurement signal level of vg volts rms, the
trigger error in the reference time interval meas-
urement is

-5
E]=i Ix 10 * T|

w«__1
" “ref VN

and the trigger error in the measurement signal
time interval is

=5 "
L0 Ui R PURNE
&~ VI Vz “‘meas m

where N = number of time intervals averaged.

The trigger error in time interval translates to an
error in phase as follows:

¢ (degrees) =3’1‘i [(At2 tey)) — (At el)]

where Aty = measurement signal time interval

Aty reference signal time interval

T period

=—360 (Atz = Atl) - - 360 (52 + Gl)
T T

So the error in phase 6¢ may be written as

(52 + El)

L 360 | 1:5x107 (s +0y)
- TN B "+ Thmeas

3% 10-5
e U T.I.rcr] Eq. [1]

For large phase differences where T.I.peas >>
T.Lyef, the error becomes

60 | 15x 107 (v +v))

6p > ¢ TP 'meas

1 15x107 (v +vy)

:\/N L Tisr)

The graph in Figure 6 presents the percentage
error in phase as a function of the larger signal
voltage (the difference in voltage level is assumed
less than 6 dB) for the case where the measure-
ment time interval is much greater than the refer-
ence time interval (e.g., large phase difference).
Otherwise, the error must be computed according
to equation [1].
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Additional error occurs when the amplitudes, v
and v9, are not equal. This error is evident
from Figure 7.

Figure 7

In this case, the trigger controls are set to preset
and in + slope so that triggering occurs, as a worst
case, 15 mV above ground (typically, 7 mV above
ground). The error produced in the time interval
difference may be expressed, assuming v] and
vg>>15mV, as



st=+ 015 Av

2'ﬂ'f v l'.lv"2
where v; = peak voltage of reference
vy = peak voltage of signal
f = frequency
& = | v =]

In terms of phase error, this becomes

8¢ (deg) = 360-f-5t = 86* AV

i R
Other errors include a 2 nsec resolution limit
which is decreased by y/N for N time interval

averages and a 10 psec mismatch between de-

lays through the VHF switch.
An expression for total error in the measurement

becomes
8¢ (deg) = + .86 —Av + 360 *f* 2 nsec 4 360 *px 10 psec
i L VN

-5
i__l_(l.SxIO (v1+vz))*¢
VRN 2%

The last term was plotted in Figure 6. Figure 8
plots the first three terms as a function of fre-
quency, peak voltage level, and N. To find the
total error, add the contributions from Figures 6
and 8.
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Another source of error arises from an actual
phase shift which occurs in the reference signal
and measurement signal paths. Figure 9 shows the
simplified circuit when measuring the measure-
ment signal time interval (input A2 of the VHF
switch is connected to A common). The capaci-
tance in each case is the sum of distributed cable
capacitance and the input capacitance of the
counter input channel (<30 pf). The signal at each
input to the counter will undergo a phase shift
equal to

2nfC - 1.E6 -
— tan! ( total Rs)

l.E.(E;+RS

Rg CHANNEL A
REFERENCE l
SOURCE ? 1 MEG} 1\ Ceable * Cinput
B =
Rs CHANNEL B
SIGNAL J_
SOURCE Ceabie + Cinput
1 MEG
-

Figure 9
The difference in phase shift between the refer-
ence and measurement paths, assuming equal
source impedances and equal input impedances
for channel A and B, is

. (217 EiCss " 1.B6 RS)
1.E6 + Ry

. tan'l(z" fCoop* 1.E6 * Rs)
1.LE6 + R

Figures 10, 11 and 12 show the error for various
source impedances and differences in capacitance.
The total capacitance (for either path) used in the
calculations was 300 pf.

PHASE ERROR IN DEGREES
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2. For lower frequencies (less than 100 Hz), the time

required to make a phase measurement becomes
noticeably longer due to the long times required
to obtain an average if N is greater than 1. Aside
from this time consideration, the phase of fre-
quencies much less than 100 Hz can be measured.

The measurement of phase between pulses in a
50Q system can be made by switching impedance
on channel A and B to 50Q (this will cause the
amplitude to vary between the measurement sig-
nal and reference signal measurements but this
will not affect the accuracy), adding slightly more
than 10 nsec’s worth of cable at the channel B
input (i.e., between the A common of the VHF
switch and channel B input of the counter), and



adjusting channel A and B trigger levels for reli- 4. The measurement of phase difference between
able triggering. Trigger error and error due to sinusoidal signals in a 50Q environment may be
amplitude differences may be neglected. The made as explained in (3) above except that A and
error would be reduced to approximately: B trigger levels should be in preset. The accuracy
considerations discussed in (1) and (2) also apply
5¢ (deg) =+ 360 *f * 2nsec 4 360 * f * 10 psec for the 50Q case with the exception that differ-
N ences in cable lengths of the two signal paths hav
no effect. ‘
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USING THE 9830A CALCULATOR

The 9830A Calculator may be used in place of the
9820/21A Calculator with system operation remain-
ing essentially unchanged. The following sections
list the necessary equipment for operation with the
9830A Calculator, discuss any differences in program

operation, and present the complete program listing
of the 9830A software.

MEASUREMENT SET-UP

The 9830A measurement system consists of the 5345A
Electronic Counter (opt. 011), the 59303A Digital to
Analog Converter, the 59307A VHF Switch, the
59405A opt. 030 HP-IB Calculator Interface, the
9830A Calculator, the 11274B String Variables ROM,
and the 9866A Calculator Printer. Place the extended
170 ROM and the String Variables ROM in any of
the Calculator ROM slots. The instruments are con-
figured in precisely the same manner as in the case
when the 9820A Calculator is the controller.

SYSTEM OPERATION

The system with the 9830A Calculator as the control-
ler operates in the same manner as the system with
the 9820A Calculator as the controller. The program
requests the user to respond to the following:

“NUMBER IN AVERAGE"” — enter the desired
number of time intervals over which each time
interval average measurement is to be made.

Figure 13 is a flow diagram of the 9830A software.
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9830A Program Listing

DIM ROZ8 1 2% 41

SE="0 I1"

DISF "AWHIF4-9:1  PHASE"
MEAIT 1866

DIZF "HUMBER IH AVERAGE“:
THPUT A

CED "ty " T2ESTIL Y g
WAIT 166

e

EHTER (13ssaRLe&]

CHDO "2le"s "FI1GEI 1", 24"
WHIT 168

cHn oredst

EHTER ©13:%)RL 3]

(L N I =

HAIT 166

R "l
"12F3GSER A1 s v
WARIT 186

CHD "SU9"s "E@" . "7
OUTPUT f13ssxana"
WHIT 166

CHI " le e "L e ig
EMTER ©13:%3E

RLS 1=E

1GOELE el

R

FRIMT "PHASECDEG:= "3
FISED =

FEIMT "PHASECREAD = Vo h
FEINT

GOTO 1&

C=A%*E

IF Crl1E-88 THEH S55&
cEL 2.2 I="2"

COTO 714

IF CH1E-BS THEH S&@
SELE2]="3"

LOTO Vi@

IF C=1E-B84 THEH &1@
CELEs 2 I="a

GOTO Fi@

IF CriE-83 THEH £48
SF[LEs I="="
GOTD 71a

IF C-lE-82 THEH
CELE 2 I=" 20
GOTO @16

IF Cx1E-H1 THEM FE
SE[Zs2 )=

GOTOD V18
ZE[2s21="2"

LMD el

OUTPUT ©13:%02%
CHD "?U#" 5" 11" "7.)"
WAIT 188
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