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TEST TECHNIQUE FOR DETERMINING

LASER RANGING SYSTEM PERFORMANCE

Thomas W. Zagwodzki

ABSTRACT

This report summarizes procedures and results of an on-going test program intended to eval-

uate laser ranging system performance levels in the field as well as in the laboratory. Conducted

tests show that laser ranging system design requires consideration of time biases and RMS jitters of

individual system components. All simple switched lasers tested have been found to be inade-

quate for 10 centimeter ranging systems. Timing discriminators operating over a typical 100:1

dynamic signal range may introduce as much as 7 to 9 centimeters of range bias. Time interval

units commercially available today are capable of half centimeter performance and are adequate

for all field systems currently deployed. Photomultipliers tested show typical tube time biases of

one centimeter with single photoelectron: transit time jitter of approximately 10 centimeters.

Test results demonstrate that NASA's Mobile Laser Ranging System (MOBLAS) receiver config-

uration is limiting system performance below the 100 photoelectron level.
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I. INTRODUCTION

Recent work in support of laser transmitter modifications intended for use in NASA's Mobile

Laser (MOBLAS) ranging stations required the development of new techniques for ranging system

measurement and evaluation. Along with maintenance and tmuble-shooting of laser ranging field

Operations is the on-going effort to improve overall ranging system time accuracies. This should

include the ordered proceev of testing and evaluation of individual key components of the system

as well as the compatibility of those components in the system. Component and receiver testing

reported earliert.2 will be reviewed and extended to include some of the special problems encoun-

tered in field operations. The test techniques used for component evaluation of the MOBLAS

receiver will be presented and discussed along with representative test results. The test techniques

reported here were designed to be field compatible and therefore more widely ap plicable to

operational systems.

There are four principal components in any ranging system, each of which is a potential source

of timing error. These include: 1) the laser transmitter, 2) photomultipher tube (PMT), 3) timing

discriminator, and 4) time interval unit (TIU). The last three make up the receiver package.

Figure i shows this in block diagram form. Each of these components may be thought of as con-

tributing a fixed time bias as well as contributing to overall system residuals. To understand the

overall system instrumentation performance limits requires characterization of the individual

components to determine the ir level of contribution. System timing residuals can be found by

applying the Root Sum of the Squares (RSS) to the components within the system.

11. LASER ERROR SOURCES

Ranging system performance can be dominated totally by laser transmitter effects. An unwise

choice in laser transmitter can contribute the major portion of the system timing error. This may
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Figure 1. Four instrumentation error sources in a laser ranging system:
1) Laser transmitter, 2) Photomultiplier tube (PMT),
3) Timing discriminator, 4) Time interval unit (TIU).

appear as system timing biases across the transmitted beam orofile due to multiple transverse mode

effects as well as thermally induced time drifts over the operational period of the laser. The choice

in laser oscillator has been proven critical in eliminating these two unpredictable timing biases.3

The apparent multimode characteristics of the Q-switched laser make it an unwise choice for a

transmitter in a 10 centimeter ranging system. Time biases on the order of 20 centimeters and as

large as 60 or 70 centimeters have been found for simple Q-switched lasers even though ranging

residuals were t ypically only 2.5 to 5.0 centimeters. This is shown in the range map in Figure 2(a).

Each azimuth and elevation location on the map has two lines of data, the first number being the

range bias at that point and the second number the Root Mean Square (RMS) of the data set.

These values are recorded in centimeters of range error. This type of performance overshadows
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Figure 2(a). Range map of General Photonics Q-switched laser.
Peak-to-peak variation in the mean range is 18.2 centimeters.

Azimuth and elevation in seconds of arc.

most receiver timing biases. Receiver improvements here cannot recover the lost timing accuracy

introduced by the laser.

The pulse transmission mode (PTM) Q-switched (or Q-switched cavity dump) laser does not

exhibit the large range biases that appear in the Q-switched laser. 3 A range map of a modified

General Photonics PTM Q-switched laser is displayed in Figure 2(b). Here range biases are less than

3.5 centimeters peak-to-peak with range residuals in the 1.5 to 4.0 centimeter range. Much care

and attention is given to the selection of receiver components for these tests to be assured that

transmitter rather than receiver effects are dominating the errors in the range measurement.

As subnanosecond pulse laser technology becomes reliable for field operations the quality of

data should improve considerably. The next generation laser to operate in the field may give the

results shown in Figure 2(c). This abbreviated range map was made with a passively mode-locked

3
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Quantel laser model YG40. Peak-to-peak range bias is down to about 2 centimeters with residuals

as low as .5 centimeters. ; hiss short pulse range map is probably receiver limited.

1I1. DISCRIMINATOR TESTING

Due to atmospheric effects, R4 losses, and beam steering errors, satellite returns can vary from

a single photoelectron to at least a hundred and, for some low altitude satellites, perhaps as many

as a thousand photoelectrons. This wide dynamic range of - 18nal puts a tremendous riming burden

on the photomultiplier and timing a iscriminator. For precise range measurements the timing on

transmit and receive pulse must be totally independent of pulse amplitude. This is not achievable

in practice. The purpose of the discriminator is to mark in time the arrival of the pulse by furnish-

ing the time interval unit with a uniform standard logic pulse (usually NIM). In general larger

amplitude signals tend to trigger the discriminator earlier in time relative to lower amplitude signals.

The time biases introduced by the discriminator as a function of input amplitude is termed the

discriminator time walk. Manufacturer specifications on discriminator time walk are usually

generous and often misrepresent actual discriminator performance. Identical discriminators of the

same type and model can vary considerably in their characteristic time walk curse. Because of

this unpredictable behavior, a standardized test procedure was developed and applied to all dis-

criminators to determine their level of performance. The test procedure is useful in determining

whether the component has excessive time walk, is in need of adjustment or replacement or is

adequate for the receiver system. This test makes selection of the best possible available dis-

criminator for the situation a simple exercise. The laboratory test setup is shown in Figure 3.

An electronic pulse generator and amplifier is used to simulate the photomuitit)lier tube out-

put with comparable pulse width and rise time. This signal is split with a SOtt divider. One port

triggers a reference start discriminator and the other triggers the test stop discriminator. The

amplifier is used to bri-g the signal level up to 5 volts while the attenuator is used to vary the

signal level into the test discriminator over its operating range. A Lawrence Berkeley Lab U 9L)

5
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Figure 3. Test setup for discriminator time walk measurement.

developmental time interval unit is used for the time interval measurement. The PDP 11/40  mini-

computer reads the time interval unit data and controls the programmable attenuator. Time walk

within the programmable attenuator has been previously determined and compensated for in the

software. On command, the computer sweeps through the operating range of the test discriminator

in I dB steps recording the time interval. This generates the time walk curves shown in Figures

4(a) - (f). The input pulse amplitude into the discriminator is plotted on the horizontal axis of the

senulog plot while the time walk of the discriminator is plotted on the vertical axis. The 50 millivolt

5 volt dashed vertical lines are the 100 to 1 manufacturer's specified operating range. Timing in the

vertical axis is referenced to the time interval measured at the 500 millivolt level, the mia range on

the 50 millivolt to 5 volt logarithmic scale. Time interval averaging in this technique allows for

ineasurements near the picosecond level.
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It becomes obvious after studying the curves which discriminators would be advantageous to

use in a ranging system. The flatter the discriminator time walk curve, the less amplitude dependent

time bias the discriminator will introduce into the timing system. The six different discriminator

characteristic time walk curves shown in Figure 4 vary considerably from manufacturer to manu-

facturer. Discriminators of the same model type are generally, but not always, similar. Table I

summarizes some discriminator time walk data. Of the discriminators tested the constant fraction

discriminator (CFD) generally outperformed the other types such as leading edge (threshold) and

risetime compensated. Constant fraction &tection in most discriminators splits the input signal,

inverts and attenuates one leg, then recombines the two to form a bipolar signal. Detection of the

zero crossing of the bipolar signal produces the amplitude independent discriminator output. This

technique seems to produce the least time walk. Time walk within the leading edge or threshold

discriminator is hmited to no better than one half the input pulse width. Other discriminators use

leading edge or risetime compensated hybrid timing methods with various degrees of success.

Table 1
Manufacturer's time walk specifications and actual measured time walk.

C.F. — Constant Fraction, L.E. — Leading Edge,
R.T.C. — Rise Time Compensated.

Discriminator Time Walk

Discriminator Model	 Type Manufacturer's Spec MeasuredManufacturer Number

EG&G ORTEC 473	 C.F. ±200 picoseconds ±100 to ±300 picoseconds

EG&G ORTEC 473	 L. E. '/2 pulse width 'h  pulse width

EG&G ORTEC 583	 C.F. ±120 ±120

EG&G ORTEC 934	 C.F. ±150 ±150 to ±200

Law. Berk. I.ab. 21-1	 C.F. ±50 to ±150 ±35 to ±300

Law. Berk. Lab. 2-48"	 C.F. ±50 to ±150 ±200

CANBERA 1428	 C.F. ±110 ±450

CANBERA (DEMO) 1428A	 C.F. ±110 ±300 to ±500

LEC ROY 825	 R.T.C. ±150 ±400 to ±600

10
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The discriminator time walk curves have been farad to be very repeatable, usually good to

less than 20 picoseconds on u day to day basis. Over several days to a few weeks, the time walk

curves are repeatable to perh-,ns 50 to 100 picoseconds. In general, the aging process modifies the

time walk curves in the long term by perhaps 100 .200 picoseconds. This good repeatability suggests

that a simple routine like this could be incorporated into a ranging system for a daily, or weekly,

calibration to improve ranging residuals.

Shown in Figure 5 is the time walk curve from a defective Lawrer. ce Berkeley Lab constant

fraction discriminator intended for use at one time in a MOBLAS ranging system. Note the vertical

time scale. The curve is flat above 700 millivolts but unusually excessive below that. This data

demonstrates that the discriminator is in need of repair. In the field, this discriminator would

trigger normally but the large timing error (one to three nanoseconds) probably would go unnoticed.

Other discriminator time walk curves which appear excessive may suggest calibration adjustments
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ing. The quality of discriminator timing should be determined to assure its contribution to the

system error is minimal.

IV. PHOTOMULTIPLIER TESTING

The photomuitiplier must ac:ommodate the large dynamic range from a single photoelectron

to several hundred or a thousand photoelectrons without saturating. To determine the effect of

signal input on tube performance a test similar to the discriminator time walk test was developed.

A simplified block diagram of the photomultiplier test setup is shown in Figure 6. As in discnmi-

nator testing, a closed timing loop is established for repeated time interval measurements. Signal

level is controlled by an optical attenuator wheel. Through time interval averaging, the resolution

of the data is improved by I /vrN- where N is the number of points averaged. Averaging 50 to

100 time intervals with this technique usually allows relatively smooth plotting of noisy photo-

multiplier tube data.

The pulse siurce used in this test was a Hamamatsu model number C 1308 Picosecond Laser

Diode Pulser. Using a 0 to 4 neutral density (ND) optical attenuator wheel the optical signal level

into the photomultiplier can be changed from a single photoelectron per pulse to over 1000 photo-

electrons corresponding to soft saturation of the photomultiplier tube. The photomultiplier tube

output is split with one leg providing the stop signal on the closed timing loop and the other leg

providing a measure of pulse amplitude by going into an ORTEC QD 104 charge digitizer. The

closed loop timing is performed again by the LBL time interval unit. The start on the time interval

mea..urement is taken from a sync pulse from the laser diode pulser. The PDP 11/40  displays the

pulse amplitude information or, the logarithmic horizontal axis and timing information on the

vertical axis. The performance of different photomultiplier-discriminator combinations is illustrated

in Figures 7(a) - (e). Note that the vertical timing scale is now expressed in centimeters of range

error. In-lud d on each plot is the Root Mean Square (RMS) jitter in centimeters of each set of

12



PDP 11/40

AMPLITUDE

N data points being averaged. This RMS jitter corn is ewentiJly the transit time jitter within

the photomultiplier tube as a function of pulse amplitude. Tfut receiver time walk portion of the

graph is due primarily to discriminator time walk, and is referenced to the 500 millivolt level into

the discriminator. An estimate of the single photoelectron voltage is all that is needed to include

the scale on the horizontal axis of average number of photoelectrons.
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Figure 6. Test setup for photomultiplier/discriminator performance test.

13



of;aP

1e	 RLCLI11tR ♦; RTORnP»<L C»Pt°tT;}iStICS

R
i4-eli-ea tlRt' Ltle	 till S= SoURtt - »;M ► +1ULStR

}	 o}TLC ess	 i NteC Rrst TI;;

T PH? - less a iKr ID441 	 L »scc r»n»

Sit ;I's. PVtooldto 	 Less TRS
t

t	 !	 1

	

I	 i
1

t	 I	 i

!	 1	
I

	

!	 I
R

1	 1

c	 I	 1

fr	 I	 1
S	 R	 I	

I
^	

n 
t	 1	 I6 T

L	 ;'	 (	 I

L	 7	 I	 IT t
r	 t	 I	 I

L	 ^	 I	 1
^	 R
R	 !	 I	 !

=	 I	 -	 1
to	 c	 I

»	 !	 I	 1

e.a	 t -0	 to

OI 3CRikt»4TO ► PULSE 01PLI TUtE	 .+'oLTi`

I	 1s	 100

;11 114 ,11 T»OTOELE_TROU 111'11

Figure 7(a). Receiver performance test results for an Amperex
2233/B photomultiplier tube and an ORTEC 583

constant fraction discriminator.

DT4 -^

!e	 accM VEt It p ro RPP»Ct C I1414C TER I ST I C3

a7-4TR-fa TI-[ 3S0	 PULSE SPURGE - M4» t-TULSLR
R	 a	 ORTEC 4730	 .I "SEC RISC TIME

tC	 T»T - Rr3S a TR?%b, (DC6)	 E »SEC rM."
T

t	 so 71 s PVtR.QtR	 10 Ilk FPS
1	 a	 _

11	 a	 I	 I
E
R	 4	 1	 1

	

1	 t
T	 3

1
»	 t	 1	 I

E	 1	 I	 I

^	 I	 1

r.	 1	 1	 t
"	 I	 1e ^ r	 I	 13 R	 i

S	 r	 l	 I	 I
c	 °	 t-	 I	 I

J	 t )	 I	 I

r	 c	 1	 I
]	 T ! ^	 1

P	 7	 1	 f	 I	 1

C	 C ^ r	 !	 I
T	 °	 ^	 t	 I
c

s	 n	 c 7 r	 i	
In	 1 lh I

e.1	 I.0	 10

Dt !: ri »(w4 T %:I ... .̀f ..^rl!T'_I,E	 •	 •..

1	 :0	 t06	 •

4VCR44[ I—I.ILECT1 a LCI L'.

Figure 7(b). Receiver performance results for an Amperex
2233/B photomultipher and an ORTEC 473A

leading edge discriminator.

c
c
c
t
1

L

R

T

I

N

It

L
K

C

M

I
P

C

s

14	 ALL1'f)o $OOd aIO
SI 3VYd ';t'ti^^ ► r^^^s



R

t
C	 t
t
1	 •

i •
R	 ^

R

^ t

i	 1

Y \
•
L	 1
X	 R

7

c	 ^
i	 e

t	 s
1
N

t	 e

T
[	 R

e1

,YaI

*741.6

\[C t  V[e ftRtORNONCt CNe n NCTtR I $t I C5

11 • «tt-e\ TIN[ S11S	 tULtt SOUNCt	 %ON R-RULiSR

•R T	

!

[C R\t.l	 .1 

Y

Y n [C R1at
TYMN 

Tint

Mt - ft\s R t«1•	 . n [C

IN it 's "920610	 ; 000 P%

1	 1

•	 I	 .	 1

1	 `
I	 1

1	 1

n 	 I	 I

R	 1	 1
N •
s	 l	 1

*	 i	
I

i	 I	 1

1	 1	 It n
T	 I	 1

n 	 7	 1	 1

e	 i	 I

r	 i	 1

N	 1	 I	 1

R.1	 1.e	 I 

Si Si RI«1«0100 tUL'T a«rLITUD[ 	 ­ LT1;

1	 It	 le•

At't 11141 1.0 T D[L1, 1 ,.w Lt. I 

Figure 7(c). Receiver performance results for an Amperex 2233(13
photomultipUer tube and an ORTEC 934 constant fraction

discriminator, the new MOBLAS receiver configuration.

OtOt^P	 -.

1• Rt_tl l'[R	 r(Rt0 n ««Ni[ t««R^i t[RtSTIi}

f
r4-A1R-00 if «[ 9 3 r': }C r	 rul3[R

n
t

• ORt[i	 p a y -Y^ 1	 «7[i	 RISC TI«[

r «T	 reTa	 a	 t«v	 ;Dic t	 ws[:	 rY««

t S•	 it 'S	 a ..t g AQtD 100•	 rr>
1 t

v n I	 • I

n ^ 1 1

t a
I	 • I

1
I i

« r I i
R I 11

Y t I

r I - I
S	 I I	 ,

' R	 I -	 •1
0

«	 e

i 1c
'

s r
f

R S I I
Y ^	 i	 I 1
t t 1

I
1 T	 R	 I

R^

R R

S	 1

1

1

1
-	 S /e

t
I I `

w	 1	 1 1	 ^ 3

r R.1 Ip ID

- RI 1.'!i«!«AtOR	 rUL}t	 w«r::T,^t[ .1.-I 

too

«v[r •+at	 r«atc[Lt^tr:w l u'u

Figure 7(d). Performance results for MOBLAS receiver
configuration using a different ORTEC 934 discriminator

from that used in Figure 7(c).

15



1•^ gttti Yt g ► [•► •s.ANCt CN••Nt T[•1 g tl Cg
•

94-N•e.1111	 TINE •t•• ►YL•t	 t•Y•Ct	 -	 NNN t- ► Yks[g
• OaTtt s•t .1	 N g tt	 g ist	 11Nt
T ► NT	 - t+TY ► • [1hY	 (•t•) .	 N•[C ► NNN

of	 11 • $ NYt••it• 1000 tts[

• 1 1

F! ^ I

• ^ I

1

y

^ I

1 I ^ I

s I
•

M	
•

I	 I
S

t ^	 1
'^	 t	 s I I

g
F

I 	 i

j 	 t ^

a l s c r: n l F .1 T P A 	 rut - r g F K t I	 a I

• taa

ecr9 +9 	 r .. Olorl t'TP,- tr. it

[

C

1

[
[

s.
F

T

S

•TNtN

Figure 7(e). Receiver performance results for an Amperex
56TVP photomultiplier tube and an ORTEC 583

constant fraction discriminator.

This technique does not measure tube time walk independently but rather the combined

effect of photomultiplier and discriminator. To measure tube time walk in itself is a little more

difficult and not really required. To make that measurement using this method. the time walk of

the discriminator must first be determined and subtracted out of the receiver time walk. Figures 8(a)

and (b) show a discriminator time walk curve and a receiver performance curve using the same dis-

criminator. The time walk portion of each is quite similar implying that photomultiplier tube time

walk is at the one to two centimeter level.

All data was taken with the gate of the PMT held "on" in the D.C. mode. Operation of the

2233B tube in the D.C. gated "on" mode can become a problem when background noise count

rates are high (greater than 10" counts per second). With the tube gated "on," the transit time is

affected by background noise. and actually decreases by as much as 1 or 2 nanoseconds as the tube

approaches saturation. Background noise rates were carefully limited to less than 10 4 counts

to
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per second thereby eliminating the problem. The effect of back round noise rates on receiver

performance will be the subject of a future report.

A calibration technique of this type may prove beneficial in range data reduction. Since

receiver and discriminator time walk curves are quite repeatable, it may well be worth the effort

to record the signal amplitude during field operations and apply an appropriate range correction

to reduce the overall system time biases.

V. TIME INTERVAL UNIT TESTING

The final component not yet discussed is the time interval unit or event timer. The time

interval unit makes the actual time measurement between start and stop NIM logic pulses. The

test setup shown H Figure 9(a) was used to test several time interval units .4 To eliminate time

jitter, start and stop pulses originate from the same source, a timing discriminator. Repeated time

interval measurements are made at several different fixed cable delay lengths internal to the delay

box. This data is generally taken with the pulse generator asynchronous to the time interval unit's

internal clock as all range data is. Figure 9(b) shows the test setup for synchronous time interval

measurements. With this technique the pulse generator is slaved to the internal clock of the time

internal unit making start and stop pulses occur at a fixed phase relative to the TIU's internal clock.

This is useful in determining the interpolator linearities within the time interval unit. "Tale 2 is a

summary of preliminary test results on currently available time interval units.

At present, commercially available time interval units appear good to a half centimeter or

better. This is more than adequate for typical field systems. As the laser pulse width decreases.

photomuitiplier bandwidths increase and discriminator time walk decreases, the time interval unit

ma>- become a significant factor in ranging accuracies, but at least for now, errors contributed by

commercial time interval units are overshadowed by other components in the system.

xn
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Figure 9(a). Asynchronous time inter val unit teat setup.
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Figure 9(b). Synchronous time interval test setup.

Table 2
Time interval unit RMS jitter

Time Interval Unit
RMS litter

Picosecond Centimeters

HP5 360 78-108 1.2-1.6

HP5370 35 .53

LBL TIU 17 .26

LBL Event Timer 35 .53
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VI. DISCUSSION

If progress is to be made on improving In" ranging system accuracies, testing and calibration

must be done at the component level if only to recognize where further improvements can be made.

The procedures described here form a good Lisis for troubleshooting the most common problems

encountered in current field operations and are applicable to the testing of future state-of-the-art

•omponents.

Instrumentation timing residuals of whole ranging systems can be attributed to the sum of

the components of the system according to the RSS relation

(R2 ASER + R PM 1' + R2 ISC + RTIU )u

Each of the contributing en-or sources on the right hand side of the equation has been discussed.

In order to test an individual .omponent thoroughly, it must be isolated from the rest of the

system. The test techniques described here accomplish this by eliminating, or at least minimizing

questionable performance of other components in the iystem. Table 3 summarizes some signal

dependent range residuals which might be expected in MOBLAS field systems as they will be con-

tieured in the near future. The ranging subsystem components will include a PTM Q-swi-shed

General Photonics laser, an Amperex 2233/11 hhotomultipher tube, EG &G ORTEC 934 constant

fraction discriminator and Hewlett Packard 5370 time interval unit.

Table 3
(`omponent and system residuals for MOBLAS field system consisting
of modified cavity dump General Photonics laser, Ampercx 2233/13

photomultiplier tube, EG&G ORTE.0 934 constant fraction
discriminator and Hewlett Packard 5370 time interval unit.

r
Avei age Signal Level RLASER RKAT RDISC RTIR 1 "RSYSTEM

I photoelectrons 3.6 cm 9.0 cm .25 cm .5 cm 9.7 cm

10 1.1 6.0 .5 .5 h.I

100 3t, 2.2 .5 .5 2.3

1 O 1	 1 y 1.0 .5 1.4

a

RSYSTEM -
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The table demonstrates that, at low signal levels, system residuals follow photomultiplier

residuals. Below the 100 photoelectron level the photomultiplier becomes the dominant error

source in the MOBLAS ranging system. The photomultiplier tube may well be the next component

requiring replacement or modification in the next round of MOBLAS system upgrades. Further-

more. recent experiments have demonstrated that the background noise associated with daytime

opera.:.on of the MOBLAS has an important impact on ranging system performance. New test

procedures are being developed to determine the effect of background noise on photomultiplier

tube performwice. Developmental receiver work will continue in order to better understand and

compensate for receiver timing biases.
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