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The COYer. Pri ze-Winning Sculpture Uses GR Strobes 
Experiments in Art .nd Tecnnolo9v (E.A_T.). I group i!'Wolved In (he ,"I&facllons 01 

'~h$l' and engiMerl. recently _ •• oed • $ 1000 secood p~ize to Mr. Fr",k Turner of 

Weste rn Unoon 101'" hIS eogoneer'"g contribution to artin We~ Ying Tsai' s work "Cybefnet!e 

Sculpture." 

The poe«. which is besed on Ihe idea of harmonk; motion. IS mlloe up of groups of 
nine- foot_hlgh I lIin l_tlNl rods ~ I um l nllted by stroboscopic light. Each rod I I v,bo'lItd It 

itl base. ",d the vibr.tion, excite standing WilY'S in t he rods. When tht .... rroundings 1ft 
QUi t! . the strobH .... synchronized with 11'1, mecnanicaktibrltlOfl Irequency .nd th. Slln~ 

Ing w .... , appaIr IrOlen. Bul sou nds mlloe by viewtfl frequency· modul ... 11'1, Ila5h ingllilt., 
CII lJ$ing 11'1, Irolln It.nding wtves to t.pring .n to sh.l1'Imtfinll. grtIceful undulal.ons. 

Mr. T .. •• work was recently on view II th' Nit .... York Museum of Mode.n Arl" 
e Xhlbotion. " Th, Mach,n' lIS seen II the End of the M~h.nleal Age." 
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The 1399 Digllel Divider/Period and Delay Generator. 

The 1399 Digit al Divider/ Period and 
Delay Genera tor bears the same re­
lation to a conventional delay gener­
ator that a frequency syn thesizer bears 
to a signal generator. With a frequency 
syn thesizer we can obtai n. for ex­
ample, out put frequencies up to 
70 Mllz in IQ-Hz steps with the sta­
bility of the reference frequency. 
Analogously. the 1399 provides peri­
ods from 0.3 to 9,999,999.9 I1 s in 
increments of 0. 1 p.s when it is driven 
by its internal J O·MHz reference oscil­
lalor, and the accuracy and stability o f 
the synthesized period are those of the 
reference. 

Basically, the 1399 is a divider; it 
can divide any frequency from about 
10 Hz up to more than 10 MHz by any 
selec t ed integer fr om 3 t o 
99,999,999 from a fractional fre­
quency to a s tandard integral 
frequency , or vice versa . Since the 
instrument's circui try is digital, practi­
cally the sole source of ji tter is the 
derivation of the clock pulse from zero 
crossings of the reference signal. The 
output period consequen tl y has reo 
markably little j itter : the stability of a 
I-second output signal obtained .by 
dividing a I-volt, JO-Mllz reference by 
107 will typically be better than 
10 12 second! The jitter in the oUlput 
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period would most likely be d e­
termined in this case by the second­
to-second stabilily of the reference 
signal. 

Simply throwing a front-panel 
switch converts the 1399 from a di­
vider to a digital delay generator_ 
While digital delay generators are now 
comm on laboratory tools. the uncon­
ventional circuitry of the 1399 makes 
it unique in this capacity : it is a digital 
delay generator without recOl'cry time. 
It c an , fo r example, prod uce 
0.999,999,9-second del a ys at a 
1.000,OOO,0-second rate! Ordinarily , 
the delay mode uses the precision 
in ternal lime base, but, as in the 
divider mode, an arbitrary ex ternal 
signal can serve as the reference. 

The 1399, like most recent GR 
instrumen ts, has full external program­
ming capabili ties. All functions can be 
controlled remo tely, mos t of them by 
low-current contact closures. The di· 
vider ratio or delay time, normally set 
on front-panel thumbwhee! switches, 
can be ex ternally con trolled by 
switches, relays, or satura ted NPN­
transis tor switches. The control-data 
format is either 1-2-4-8 or 1-2-4-2 
BCD. To program a given decade 
externally, the corresponding thumb­
wheel is simply set to zero. 

THE DIGITAL DIVIDER 
A SYNTHESIZER FOR 

PE RIOO AN O OELAY 
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FigIJnl I . The 1399 and Lorane. 
An 1123 Svncronometar «l d igital 
time comparator, an 1 124 Reeei .... 
er, and two 1399'$ used to cal. 
ibrete ! 1!SoC Stendard-Freque"", 
cy Oscilla tor!. The 1399's en· 
able the system to deriV1l time 
differences from a Loran svstem 
with arbitrary base rate. 

APPLICATIONS 

Delayed Sweep 
It has been our ellperience that a 

device such as the 1399 is an essential 
oscilloscope accessory in examining 
time relationships in digi tal computers, 
Delay·sweep oscilloscopes ordinarily 
use analog delay systems, which ex· 
hibit excessive jitter when generating 
long delays. A coherent digital delay 
system does not suffer from this de· 
feet. The 1399, timed from the com· 
puter's clock, can be used to trigger a 
fast oscilloscope sweep. When the de· 
lay is initiated by one event a sub­
sequent event can be displayed on the 
oscilloscope screen with minimum jit· 
ter. 

Counter-Readout Testing 
The 1399 has proved to be the 

economical solution to a problem in 
our own calibration laboratory. In the 
final checkout of our counters, we 
switch on every digit sequentially in 
every decade of the readout in order 
to check the data-output wiring and 
the gas readout tubes. To do this, the 
1399 is programmed to genera te suc­
cessive intervals of 1,111.111 . 1 jJs, 
2,222,222.2 jJs, etc. While a frequency 

4 

Figure 2, A digital-divi­
de( frequencv synthesize!'. 

'. 

synthesizer could do the same job, the 
1399 ties down a smaller investment in 
instrumenta tion. 

Counter Accessory 
As an accessory to a counter. the 

1399 can be used to scale down the 
standard frequency by a ra tio chosen 
at will in order to provide an arbitrary 
in terval for the count. Or the 1399 can 
be used to count even ts and to gate 
the counter, which then measures 
elapsed time. 

Digital Frequency Synthesizer 
The development of the dividing 

scheme tha t has been used in the 1399 
was undertaken originally in con-

nection with a project to design a 
digi tal frequency synthesizer. Special­
purpose synthesizers based on digital 
division are now quite common. Their 
strong point is the small number of 
tuned circuits required , thus, they are 
compact and require almost no setup 
adjustment . 

A frequency-syn thesizer scheme 
based on digital division is shown in 
Figure 2. The oscillator can be phase­
locked to harmonics of the standard 
frequency f" If f, were one hertz. for 
examp le, the 1399 would lock the 
oscillator at every hertz from about 
10 liz to over 10 MHz. Coarse tuning 
of the oscillator can be done manually, 
or it can be done automa tically by 
adding a discriminator al the scale-of­
N output. 

The disadvantage o f the digital­
divider synthesizer of Figure 2 is the 
long settling t ime when the minimum 
frequency incremen t is small. Since 
the bandwidth of the filter in the 
phase detector's output has to be small 
compared with f., th~ phase·lock loop 
must have a lime constant that is long 

compared with A - perhaps 30 seconds 

if f, were I l iz. 
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SPECIFICATIONS 

f'MjIMnc:y D,vide, Rallo; 3: 1 (0 99,999,999: I. Ol'lay '..,ga, 
3 to 99,999,999 clock tome-on"'Vlls, 1.." 0,3 liS 10 9.999,999,9 s 
with I~H~ clock. 

Ol'lly Aceu'':",: DeilY intervll ,,1. les from 0 to 1 clock interval 
when clock and "art sigr'l lis Ire not coherent, 

INPUT CHARACTER ISTICS Clock and dellv-stlrt inputs a.e 
Identical I>CCept for max frequency !,ate). 

A,tl: Ollly_sllII" l input, 100 H~ to 2.5 MHz. EKI clock input, 
rna){ > 10 MHz, lYPically 12 MHz; min, 100 Hz for I-V pk-9k 
sensitivitY,lower frequency with reduced senshivity, 

SensitiVity: 100 mV rrns; WIll Keepl wlN'lform o f arbi trary shape. 

Input Impedance: Appro)! 100 kOI30 pF. 

Tri..,. Threshold: i l V de of he I. 

Trip' Po'lrlly : Positive or nega" .... , swllch-telected. 

INT ERNAL CLOC K OSC ILLATOR 

Fn,qulnc:v Control: H)·MHz Ihi'd-oIIertone quartz crystal in 
proponion.l-conlrol oven, 
Tamperalura: < I ppm, o Oe to sooe. 

Warmup: WIthin 1 ppm from room temperature in 10 min. 
Short.Tarm Stabili t.,. : 1 X 10-' for '-I .ampllog interval. 

Lon~Term St..,ility : 1 X lcr6 per .,.nr; with oscilla tor running 
conhnuously, < 3 X 1~ per day alter one month of operation. 

Intemill Clock Output: 1 V rl11$ Into 50 n . 

Outpul PuIM: 5 V behind 50 n positive and noegiltM! iJYailabie 
IoImult..,eously. Duralion approll ,5 ns 

PROGRAMMABILI TY All functIOns and COntrol settings, except 
tr igger threShold, controlled by lingle contact clO$ures 10 chassol 
ground. Mell current. 2 mA t hrOlJgh closed contact ; IT\8X volte", 
drop, 150 mV across closed conlllCt. 

Dioti cMr/ Oe l • .,. Control : '·2-4-8 BCD; DTL logic levell or conlllCt 
clOJures. 

Trigger Threshold: 0 to +'0 V onlO approx 100 kn produces 
- 1 to + '_V threshold detectIon, 

Power Required: 100 10 125 or 200 to 250 V switch selected, 
50 to 400 H2, 20 W, 

Ac:c: .. ories Supplied: Power cord, lP¥e fuses, and mounting herd­
ware woth the rllCk model. 
Mountinll : Bench model (in met" alb,"etl or reck model_ 

DimensiON Iwodth X height X depltt) : Bench. 19'h X 4 '/. 
X 17 In. (495 X 125 X 435 mml. reck, 19 X 3'11 X '6 in, (485 
X 89 X 410 mrnl. 
NI t Weighl : Bench, 2B Ib (13 kg); reck, 21 Ib 110 kg) . 

Sh ipping W6igh t tad: BenCh, 43 Ib 120 kg); reck. 36 Ib 
\ 16.5 kg) . 

Catalog 
Number 

1399-9801 
1399-9811 

""",,,io" t 
1399 Digi tal Div~/Period and 

Dele.,. Generator 
Bench Model 
Rack Model 

HOW IT WOR KS: GET READY; GET SET; GO! 

A funclional diagl1!m of the 1399 is 
shown In Figure 3, A Io-Mlh third· 
overlone cryslal in a proporlional oven 
produces the 0.1·J.lS internal clock 
Signal The clock can also be an ex· 
ternal sLgnal of a few hertz to over 10 
\lIlz_ A gate determines whether the 
divider will run continuously, for the 
divide mode, or start on command of 
an external signal, for the delay mode. 
Both Ihe delay-start and external·clock 
inputs have slope and threshold con· 
trois for establish ing the trigger pulses 
from well-defined POri ions of the in­
put signals These input-trigger circuits 
are similar 10 those in most counters 
The 1399's output circuit produces 
brief ( I 5-ns), high-energy (is V be· 
hind SO ohms) pulses that mark off 
the controlled interval. 

The cri teria for an arbitrary·scale 
divider were set down a number of 
years ago in a project at General Radio 
10 develop a digital frequency synthe­
sizer ' ,2,J What was needed, simply, 
was a system that would produce one 
output pulse for every Nth input 
pulse. It was hoped that the more 
signiricant decades could be slower. as 
they are in a counter an important 
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design objective, because fas t nip· nops 
were, and still are, more expensive, 
more power hungry, and less reliable 
than slower ones. Ideally. the maxi­
mum cou nting rate of the scale-of-N 
should not be much less than the 
resolu tion of the first flip-flop in the 
fas test-coun ting decade. These were 
the goals. As the design o f an actual 
circuit proceeded, there became ap­
parent two rather fundamental obsta· 

,------------ -1 

, III " 

cles to the use 
cou nting schemes 
divider. 

of conventionlll 
in II f requency 

L R. W. Slu, rt, "A H,," Speed l),g, lal 
Frelluency Divider of Arbi trary Scale." 
19J4 IRE ComV'n,/on Rtcoro. I'art 10. 

21(. W. Frank, "A Comp,lIler Type Decade 
Frelluency Syn lhesiur,' 19J4 IRE Con· 
,V'",lon ReCOrd. I'art 10. 

3work done under Conlracl DA 36'039 
SC· LSS41, Silnal Corps Engi neerin& Labor· 
alo ries. FL. Monmo ulh, New Jersey. 

.In IOCII-$ .. 
10 . ... 

OSCIOVl: ~ OIU(' 

---

L--j~·~ .. ~·~·~·~ .. ~·3 _ _ .<or; "-"0 ••••••••• Q.,I . . .. IO;O ........ 
OATa l 

F'~re 3 , Functional d'agrlm of the Tvpe 1399 Digitll Divider/Period Ind Del • .,. Genoeretor. 
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Figure 4. Simple ~ 
I~ generltor b-.d 
on digit recognition. 

Figure 4 shows II. simple delay gener­
ator based on digit recognition. At Ihe 
first clock pulse after the gate is 
opened. the decade counting units 
(DeU's) begin to accumulate. They fill 
to the recognition sta te cstablished by 
Ihe controls, whereupon an output 
pulse is generated and the DeU's are 
reset to zero. If the duty ratio of Ihe 
delay is not very high, the reset inter­
val can last long enough to reset the 
slowest decade. 

The problem with this simple delay 
scheme is the lime required for propa­
gation through the registers. If, by the 
time the last decade has reached its 
reco&nilion state, the first one has 
moved on, recognition will not occur. 
This limit is reached rather quickly ; 
five consecutive nip-nops, each with II 

delay of 20% of its resolution (a 
typical value), will cause a recognition 
failure at the maximum clock frequen­
cy even if all flip-nops are equally fast 
(which would be a violation of the 
first of our design criteria). 

Figure S shows a scale-of-N divider. 
It is similar to Ihe delay circuit just 
discussed, but it must divide con· 
tinuously. This requirement com­
pounds our problems: not only do we 
have to achieve reliable recognition, 
we must also conlplete the reset in less 
than one clock period. The situation 
has one hopeful circumstance. how· 
ever. If rhere is rime to reset the 
highett-specd deCildl', rhetl there il 
pletlty 0/ time to rtle! the othen 
be/ore they slart to accumulate counll 

6 

r-,-,-o-·-.-' K" 
t--e:>-~ 
, . ... 

-

ocu', 0 

o 0 --,'l:IlT 

(10 clock periods fo, the second 
decode. 100 for the third. etc/. 

There is another well-known way to 
achieve scale-of-N division when clock 
ra tes are not too fast. Figure 6 shows a 
circuit that recognizes only one stale, 
namely, the output carry of the last 
decade. The division intcger is de­
termined by the 'elet sta te of the 
DCU's: the decades are reset to the 
complement of Ihe desired divisor. 
lIere there is no worry about time 
delays in terferi ng with recogn ition ; 
but we have traded tha t problem for 
another: there is not enough time for 
reselling. Suppose our divisor ends in 
the digits 001. The corresponding 
three DCU's would have to be preset 
to the complement 999. The first 
clock pulse after reset would carry 
straight through these three digits, 
changing them to zeros, and spillover 
into the fourth . The trouble is that 
this would have to happen before the 
slower second, third, and fourth 
DeU's had had time 10 reset. There is 
not even one full clock period avail­
able for resetting, because the reset 
pulse cannot occur until the output­
initiating clock pulse (which changes 
all the digits from nines to zeros) has 
propaga ted through the entire coun t­
ing regis ter. 

By now it will be clear that each of 
the two basic scale-of-N dividing 
schemes is plagued by a diHerent 
problem . The reset-one-stale-and­
recognize-ten-states system suffers 
from recognition failure due to 

F'gure 5. Simple scale-of .. \, 
diVider. Like the delav 11'"1'1"­
It« of Figure 4, this ci rcuit 
depends OIl digit recognition. 

F IljUre 6. An IlternluiYII sclle-of-N 
dlv,der. ThiS Circuit .ecognius onlv 
one SUite: ail OCU's It zaro. The 
count starts With thl DCU's preset 
to the complement of the divlSOf. 

cumuJa tive tillle delay. while the re­
se t -tc n-states- II. nd -recognize -one -state 
system suffers from inadequate reset­
ting time_ One might wonder if II. 

combination of the two methods 
could yield a workable system - and 
in fact it does. 

Each DeU must have ten distinct 
states. We have talked about systems 
in which the DCU's have ten recog­
nition states and one reset slate, and 
systems in which they have one 
recognition state and ten reset states. 
Table 1 shows an intermediate scheme 
of 2 reset and S recogni tion states. In 
thjs systcm, a decade has to accumu­
late at least five counts following a 
carry before it is in a recogni tion state. 
Therefore every decade after the firs t 
remains in a recognition state for at 
least S preceding-decade pulses, waiting 
for the preceding decade to reach 
recognItIon. Furthermore, since 
decades are reset to no more than S, 
every decade after the flnt will have 
flve prcceding·decade pulses in wttich 
to be reset. The reader might like to 
work out for himself the details of the 
reset-S-recognize-2 system shown in 
Table 2. It lurns ou t to be only a little 
less efficient than the reset­
l-recognize-S system just discussed. 

These examples of counting systems 
with mixlures of reset and recognition 
states demonstrate that an appropriate 
choice of coding can solve the recog­
nition and reset problems Ihat are 
inherent in the basic divider arrange· 
men ts. We have secn that, wi th eithcr 
of the two codingsjust described, first , 
the slower DeU's are wailing at their 
recognition states for the faster ones 
to ca lch uJ.> , and, second, all the DCU's 
(except the rtrst) have plenty of time to 
reset before they have to begin coun t­
ing. 

The remaining limitotion on the 
coun ting speed is the delay associated 
with carries betwecn flip-nops in the 
first decade. Actual delays between 

oeu s ,. 

o 0 0 
CO ~ 01. 
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Tllbte 1 
Aeset-2-rec:ognlze-S synem 

number ,-, recognize 

0 5 5 
1 5 6 
2 5 7 
J 5 , 
4 5 9 
5 0 5 
6 0 6 
7 0 7 , 0 8 
9 0 9 

the various digits will depend on the 
logical design of the DCU. but the 
source of delay is always the same: it 
is the carry generated by the I-to-O 
transition of an individual flip-flop_ 
Now, since odd digits are counted by a 
0-10-1 transition of only the first 
flip-flop, there is no delay problem 
with the odd digits With our reset-
2-recogni%e-5 coding, for example, 
serious delays occur at the numbers 6 
and 8. If we could find a reset­
recognition scheme in which only odd 
numbers have to be recogni%ed, we 
would have attained our goal of a 
system whose counting speed is 
limited only by the resolution of the 
fmt flip-flop. 

Table 3 shows a reset-4-recogni%e-3 
coding scheme that is essentially simi­
lar to the one adopted (or the 1399. 
Lilce the 2-S and 5·2 systems, this 
system resets to no number greater 
than 5 and recogni%es no number less 
than 5, so that it , too, overcomes the 
reset·time and propaga tion-delay dif­
ficulties In addition, this system re­
Quires the recognition of only odd 
numbers 

Let us see how a system with 4-3 
coding deals with the awkward divisor 
00 000 003. The seven more signifi· 
can t DCU's will be reset to their 
recognition states of 5, and the first 
DCU will be reset to 4 (00 ) 0). The 
clock will now advance the fU'St DCU 
to 7 (1110) , and the 6-t0-7 
(01 IO-to-I I 10) transition will es­
tablish recognition and reset the first 
DCU to 4. Since recognition and reset 
involve transitions of the first flip·flop 
from 0 to I and back to 0 all witHin 
one clock period, the system will run 
half as fast as the rust flip·flop if 
there are no reset delays. In pn1ctice, 
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Table 2 
Reset·5-recognize-2 system 

number ,-, recognize 

0 4 4 
1 3 4 
2 2 4 
3 , 4 
4 0 4 
5 4 9 
6 3 9 
7 2 9 
8 1 9 
9 0 9 

reset delays would cause a further 
sligh t reduction in the speed of the 
system. 

A modification4 of the 4-3 system 
permits the 1399 to count at very 
nearly the speed of the first flip-nop. 
The trick is to delay the start of the 
count by two clock periods to allow 
enough time for the fU'St flip-nop to 
reset. Refer to the 1399's program­
ming diagram, shown in Figure 7. 
While counting is in progress, FFJ is in 
its Q state, the clock gate is open, and 
the output gate is closed. Recognition 
operates FF/ to Q, thus closing the 
clock gale, opening the output gate, 
and triggering the reset'pulse gener· 
ator. The first clock pulse following 
recognition passes through the output 
gate and switches FF2 to Q. The next 
clock pulse switches FF2 baek to Q, 
thereby triggering the output pulse, 
resetting FFJ to Q, closing the output 

4U.S. Patent No. 3.0S0,685. 

Table 3 
Reset·4-recogniz~3synem. This is 

essentiallv the coding ute<! In the 1399. 

number ,-, recognize 

0 5 5 , 4 5 
2 5 7 
3 4 7 
4 , 5 
5 0 5 
6 1 7 
7 0 7 , 1 9 
9 0 9 

gate, opening the clock gate, and 
beginning the next count. Counting 
has been interrupted for two clock 
periods. allowing plenty of time to 
reset the first decade. The two missed 
counts are compensa ted for by making 
the first decade recogni%e 3'5, 5's, and 
7's instead of 5's, 7's, and 9's. The 
small price we have to pay for the 
additional speed is thaI the system is 
unable to divide by two, a trivial 
operation that can be done by one 
flip-flop . (As a mattcr of fact, two 
clock pe riods are morlt than enough 
time for reselling, but skipping just 
one pulse would require that even 
numbers be recognized in the rU'St 
decade.) 

- R. W. Frank 

A brief blograohv of Mr. Frank ap­
peeracl In the November·December, 1967 
issue of the Experimenter. 

-. 
Figure 7. Internal programminll 01 the 1399. 
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The new 1191.B Counter. 

: 34768~82 _ 

1191 COUNTER NOW FEATURES 35-MHz BANDWIDTH 
• "Strobed" single-period measurement . l-Jl$ data holdotf • Improved time-inteMI mode . Crystal-oven standby power 

• 

The 1191 is an inlegraled·circuil 
counler/ limer for measuring rrequen­
cy, period, average period, rrequency 
ralio, and lime inlerval. (See Ihe N~ 
vember-December 1967, Experimenter 
for a complete description.) 

The new 1191-8 offers several sig­
nificanl improvemenls over ils pred. 
e<;essor, and al the same base I)rice. 
Foremost among these are the increas­
ed frequency range - the upper limit 
is now 35 Mll z - and a unique 

"strobed" Single--period mode, in which 
Ihe 1191-8 makes period measure-­
menU wilh virtually a 1000percent 
duty cycle. 

Like its predecessor, the 1191-8 is 
available in combmalton with either of 
IwO GR scalers as the lI91-Z. The 
combination offers all the features of 
the counter alone, plus operation up 
to 500 Mllz. The bench version of the 
1191-Z has the coun ler and scaler in a 
smgle cabinet. 

: 34851369 = 
• • • • • 

The 1191·Z Counter. The 
5O().MHz model Is shown 
h&re in its bench version. 
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Progr..-n of "ttrobed" 
period ~rement. 

"Strobed" Period Measurement 

"'''''1/1 C,OICII01J 

,~, 

• • 

18171615]41312]11 
001'"UY 

.' 

"-., 

Many measurements require that 
the counter extract information frolll 
the input signal at the maximum possi­
ble rat e. Ordinarily, a counter 
measuremen t of the period of a signal 
is inefficient from an information· 
gathering point of view. The period 
mode is conventionally programmed 
50 that a pair of consecu tive signal axis 
crossings open and close the cou nting 
gate. The closing of the gate initiates 
a hold-off period (often as long as 
0.1 second) during which the data is 
transferred to storage. At the end of 
the hold-off period the counter is 
ready to make a new measuremenl. 
The duty ratio of such a program can 
be no more than SO percent, and it can 
be this high only if the hold·off period 
can be made brief enough to allow 
countlOg during al terna te cycles. 

~ 
J:<;.u :t 

,~, ~ 
1--- '"' __ ../ • 

The unique "strobed" period mode 
of the 11 9 1·8 permits the new counter 
to gather data during almost 100 
percent of the time. The in ternal 
program of this measurement is shown 

in the accompanying block and Imllng 
diagrams. Every inpu t-SIgnal uis cross­
ing initiates an opera tion in which the 
accumulated count is transferred to 
storage, the coun ting register is reset 
to lero, and a new coun t IS begun, 

Catalog 
Number 

11 9 1·9710 
1191 ·97 11 
11 9 1·9712 
11 9 1·9713 
1191·9714 

1191 ·9715 

11 9 1·9716 
1191 ·9717 

1191 ·9900 
11 9 1·9901 

1191 ·9902 
11 9 1·9903 

1158-9600 

DescriPtion 

1191·B Counte, 
Bench Model 
R.ck Model 
Bench Model WI th Dala.(Juput Option 
Rack Model with Oata.Qutput Option 
Sench Model with High·Precision 

Time-Sase Option 
Reck Model with Hilfl·Precision 

Time-Base Opt ion 
Blnch Model with both Options 
Rack Model with both Optiom 

11 91.Z Count .. (100 MHzl 
Bench Model with both Options 
Rack Model with both Options 

11 91·Z Count .. (500 MHd 
6t'nch fJlodel with both Options 
Rack Model with both Options 

P6006 Probe, Tektronix Catalog No. 
01()'0 127·00 Inot sold separately) 
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If the last-counted clock pulse in a 
given measu red period has to propa­
ga te through all eight decades of the 
counting regis ter, approximately 0.6 
J.is will elapse after the counting ga te 
closes before the coun ting register has 
set tled and the data are in storage. 
Ano ther 0.2 J.is is needed to reset the 
coun ting register to zero. Thus, with 
Ihe DISPLAY TI ME set to its mini· 
mum posit ion (I J.!s) , the tOlal dead 
time - the time at the beginning of a 
measured period before the counting 
ga te opens - is about 0.8 J.IS. Except at 
the fastest clock rate (0.1 J.!s) , only a 
single clock pu lse may not ge t counted 
because of the dead lime, and the 
probabilit y o f missing a pulse de­
creases by an o rder of magnitude as 
the clock rate decreases by an order of 
magnitude. One can easily determine 
the precise amount of dead time by 
measuring an accurately known period 
wilh the internal clock sel al 0.1 J.IS. 
The discrepancy between the cou nt 
and the known period will be between 
0.7 and 0.9 J.!s. 
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Wideband Amplifier Design 
by M. Khazam 

This anicle derives the fOfmulas (in terms of y·parametlrsl for constructing transistor constanr·gain 
circles on II 1O&d-ltdmittance Smith char\. An Input-admIU/lIlcl grid constructed on the same chart 
provides II direct readout of the input admittance. A de$lgn e~8mple using transmission lines as 
matching elements is given. 

Amplifiers with bandwidths in excess o f 1 GHz have 
become quite practicable with the introduction of high­
frequency tranSISIOrs. Feedback equalization of gain over 
such wide bandwid ths is difficult, partly because o f the 
comple x feedback networks that would have to be used and 
partly because there is orten insufficient open-loop gain. 
In this article we outline a procedure for designing the type 
of wideband amplifier thai is incorporated in the Type 
1237 VIIF/ UIIF Preamplifier. 

Two·port Power Gain 
The y·parame lers of a two-port network are defined by 

the well-known relations 

lWO-l'Oltl 
NETWOII" 

Figure 1 

(I) 

n·-I

• 

. ", ... 

where the signs o f voltages and currents are those of Figure 
I. If YL is the load admittance and Ys the sou rce 
admittance, then the input and output admittances are 
given by 

10 

YI1 Y::l:I 

YII + Ys 

(2) 

(3) 

The power nowing from the source in to the network is 

p.::lvI1 

'" , 
and the power nowing ou t of the network into the load is 

The power-gain ratio is Ihus 

Pout I ' _ .11' .. l'L y" 't 
c _ _ 

Yll + )'LI (4) 
p," .il .. )' in 

~· I-l ~ ~~ 
1-':.., 

ISOUlttl TWO - I'ORT 
LO.t.D I ,,~ 

."' ... 
Figure 2 

The morc significant transd ucer ga in 'f, I ' defined as (power 
10 load)';' (source's available power), is related 10 the power 
gain r;o; by 

l 'r (dB) '"' '{,(d B) IflPU! mismatch loss (d B) (5) 

Gain Circles On the Load-Admittance Smith Chart 
We define a normalized load admittance y by 

'*"'YI. 
y=g+;b-

·J'i'.-Y22 
(6) 
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Note that the imaginary part of y inciudes'~"'Y2~ along 
with '~' YL' Since g and b may Yary over wide ranges of 
values, we would find ourselves constructing ra ther un· 
wieldy charts if we continued 10 work directly with y. 
Acco rdinlly we make a transformation to a new variable p: 

'"' L:...!. p y + I 

(Note that p is the negative of the refleclion coefficient, as 
conventionally defined.) If we wri te P, and Pi for the real 
and imaginary paris of p. the expression (4) for the 
power-gain ratio can be recast in Ihe following form : 

+ (8) 

where 

, - I - 2~t; (9) 

We have used the notationyu -g il +jbu,Yr. : gn +jb 22 , 
and Y 12)'21 so g, + jb,. 
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Figuril 3 . The r.l. 
lion between y .rId P. 

Equation 8 represents 3 family of constant-gain circles on 
the p-piane. When 'f. = 0, the radius r is unity and the 
circle's cen ter is at the origin of the p-plane (the circle 
coincides with the zero-conductance circle on the Smith 
chart). Provided the two-port is unconditionally stable, the 
radius decreases with increasing gain until a value of ~o:. is 
reached at which the radius is zero. The gain at this point, 
'6 max' is the maximum that can be achieved without 
external feedba ck, and the corresponding point on the 
p-plane represents a conjuga te ma tch between the two-port 
and the load. The centers of the circles, 

gr~f, 
p,(center) .. - --

1)'11 P 
b, '.o:. 

1)' 11 P t 

(10) 

fall on the straight line through the origin o f the p-pla ne 
that makes an angle 

_, ( b.) 41 :: tan - g; (11 ) 

with the positive p,.-axis. The distance from the centers to 
the origin of thc p-plane is 

( 12) 
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Figure <I. A IIe I of COIlSlelll. 
9Bill circles lor e 2N3478 Irall­
Slstor at 900 MHl plOlted 00 
the lo.ao...dmittance Smith char t. 

Flgul1I 5. All ioput·.c!mit· 
~nce grid has beeo added 
to the chart of Figure <I. 

" 

• , , 

, 
' .. 
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Figure 4 shows a sel of constant-gain circles for a 
2N3478 transistor at 900 MHz, plaited on a Smith chart. 
The chart's normalized grid corresponds to our admittance 
variable y. 

Input-Admittance Grid 
To find the input admittance of the two-pori, we return 

to equation 2: 

y" (J 3) 

If we replace Y L on the right-hand side of (13) by the 
normalized load admittance y, defined by (6). and then 
make the transformation (7) to the p-plane, we get 

Gin =( 2g:: ) P, 

Bin = (21:: )Pr 

(2;;1 )PI + (gll - 2::2 ) 

+ ( ~:l )Pi + (bll - 2~2Z ) 
( 14) 

These expressions represent a recta ngular grid of Gin "" 
constant and 8Ul = constant lines 011 the p-piane. We can 
construct this grid on OUf load-admittance chart if we will 
note the following relations between the G;n- and Bio- lines 

JANUARY/ FEBRUARY 1969 

Figure 6, A potentially un$lable 
situation, II the load admit_ 
tance lalls In the lower left of 
the chart beyond ;1 • "", the 
input conductance is negative and 
the two-pon can oscillate. 

and the Pr- and PI-axes. The spacing t:.p, between the 
intercepts of consecu tive Gin'" constant lines with the 
Pr-axis is 

( I 5) 

where b.G in is t he chosen increment in Gin' The spacing /).pi 
along the Pi-axis between Bil• -line int ercepts is given by the 
same relation ( the G in- and Bin-axes have the same scale 
factor): 

The angle that the Bin 
p,-axis is 

Bin ., 

( 16) 

constant lines make with the 

const 

"" tan-I ( _ ;: ) (17) 

which is just the angle 9, given by (I I ), of the line of cen ters 
of the const:lIIl-gain circles. The Yin-grid has still to be 
positioned on the p-plane, and this requires the calculation 
of one point. 
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Figure 8. Design chert for 
the 2N3478 81 600 MHz. 

Figure 5 shows an input-admittance grid superimposed 
on the gain-vs -load-admittance chart of Figure 4. 

Stability 
The constant-gain circles of Figures 4 and 5 are charac­

teristic of a two-port that is unconditionally stable. An 
unconditionally stable two-port is one whose input admit­
tance has a positive conductive component whenever the 
outpu t admittance does, and vice versa. 

A potentiaUy unstable situation is illustrated in Figure 6, 
which shows a load-admittance-Sm ith-chart plot of the gain 
circles and input-admittance grid for a 2N3478 transis tor 
plus feedback capacitor at 400 MU z. Notice that in this 
case the gain circles get larger with increasing gain and that 
there are negauve values of Gin within the g = O-circle, 
where the load conductance is positive. The r; = 00 "circle" 
coincides with the Gin ,. 0 line, and load admitta nces that 
fall to the right of this line will cause oscillation unless the 

,-.t • .• 

FIgure 7. Two-stage .... idebend amplifier. Metchlng is accom­
plish&<! by L-netwOrk. formed by series and shunt seet ionl of lilli!, 

" 

," 
.. 

~ • , 
• ~ 

~ ... 
, " 

• • .. 
.-

source conductance is large enough that the tolal con­
ductance at the input is nol negative. 

One can inspect the output admittance as a function of 
source adm ittance by const ructing a rectangular output­
admitt ance grid on the source- adm ittance Smilh chart. The 
procedure is the same as that outlined for constructing the 
Gin- Bin-grid except that the subscript I 's and 2's on the 
y-parameters are interchanged. 

A DeSign Example 
Let us design a two-stage amplifier using 2N3478's. The 

analysis of a wideband amplifier by the method described 
in this article generally involves sampling the performance 
at a number of frequencies over the passband. Tmnsistor 
parameters have to be measured and charts co nstructed at 
each frequency. For the sake of a simp le example, though, 
leI us set ourselves a fairly limited objective: more o r less 
constant gain from 900 MHz down to 600 MUz or possibly 
lower. We will see what we can do with the circuit of Figure 
7, in wh ich the matching networks are simple serics-and 
shunt-line L networks, and we will analyze t he performance 
at on ly Ihe two frequenc ies 900 and 600 Mllz. We shall 
assume 50-0hm source and load impedances. 

rhe design chart for 900 MHz is the one shown in Figure 
5, and the chart for 600 Ml lz is shown in Figure 8. We find 
from the charts Ihal the load admittance for maximum gain 
is 0.83 • j5.6 mmho at 900 Mllz and 1.1 • j3.9 mmho at 600 
MUz. Assuming that the matching networks will be etched 
on a circuit board, we select 125 o hms as a practical value 
for the characteristic impedance of the line sections. 
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Figure 9, T ramformation 01 the 
loed Idmitt.nee by the output 
ne twork, Th, Klmin aoce grid '5 
normal il~ to 8 mmhos (125 n J. 

F igur. l 0. Admittance transfo rm­
ation by the interllage IWItwOrk . 
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Through a pencil-and-paper cut-and·try procedure, we 
arrive at an output network wilh a shuJlt-line length of 4.2 
em (el~ctricaI) and a series-line length of 4.7 em. The 
admittance transformation performed by Ihe output nel­
work is plolted on the Smith chart of Figure 9, which is 
normalized to 8 mmhos (125 ohms).The points L2600 and 
L2900 represent the loads thai the network presents to the 
transistor al 600 and 900 Mill., and L('r. mu )6OO and 
L('t mu)9QO are the load admittances for maximum gain al 
Ihe two frequencies. When the admittances represented by 
L~oo and L2900 are renormalized to Y22 and plotted on 
th l,l charts o f Figures 8 and 5, respectively, the gains thlll 
are found are 6 dB at 600 Mllz and 5.1 dB al 900 Mill. . 
Although we could probably do a better job of matching 
with hlgher-impedance line sections or with a more compli­
caled network, we shall be content, fo r the purposes of our 
example, with Ihese results. 

We select an interstage network with shunt-line lengths 
that are again 4.2 cm and a series-line length of 5.25 cm. 
The transformation is plotted in Figure 10. The points 
12600 and 12,00 are the input odmittances of Ihe second 
slage, found from the G.,-Bifl-grids of Figures 8 lind 5 and 
normalized to 8 mmhos. T he points L 1600 and L 1900 arc 
the load admittances presented to the first transistor. When 
we renormalize L 1600 and L 1900 to Yll and plot them on 
Figures 8 and 5 respectively, we find gains of 4.9 dB :It 600 
Mliz and 5.7 dB at 900 Mill. fo r the first stage. 

Figure 7 does not show a series-line section at the input 
o f the :lmplifier. This is because we can do without an 
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admilt:lnee-lransforming series section at the input if we 
will tolerate a fairly small amount of mismatch loss. We 
find the admittances presenled by Ihe b:lse of the first 
transistor by means of the Gin-Bin-grids of Figures 8 and 5. 
Adding the susceptance of the 4.2-cm input shunt line, we 
calculate that the mismatch· loss penalty for connecting the 
input directly 10 a 50-ohm source is 0.5 dB at 600 Mill. and 
0.7 dB at 900 MHz. If we accept these losses, the over-all 
gain or the amplifier is lOA dB al600 Mill. and 10.1 dB at 
900 MHz. 

This simplified example shows that, even with very 
simple matching networkS, amplification over quite wide 
frequency ranges can be achieved with gains reasonably 
close to the optimum g:lin of the device at the highest 
frequency in the passband. 

A brief biooraphy of Mr. Kh82'lIm apooored In the July·Augo,l!t, 
1967 issue of the IiKperilnenter. 
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