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edge of a pulse from an emitter arrives. If the
. ..... . locations of the receivers are known, the differ- a o

A directional antenna is a filter whose re-
ds r with direction. A modulated signal ences among the arrival times can be used to cal- /spouse varies ith ..................... fe- culate the location of the emitter. To achieve (

transmitted from such an antenna produces differ- useful accuracy, the receiver array must subtend a
ent far-field waveforms in all directions (except substantial angle at the emitter; this need can be
for possible sym setry). The response of a re- understood to resemble the need for a long baseline
ceiver to the transtmssion will vary with pohi- in an optical rangefinder. Consequently, such a
tion in the antenna pattern of the emitter. This system necessarily relies on signals received at
effect ise ultimatperfordinarabe, bu istem td appreciably different angles from the axis of thelimit the ultimate performance of any system that emitter. Moreover, it is necessary to make highly

accepts off-axis signals and relies upon the de- accurate Measurements on a strongly modulated sig-

tails of waveform. In a leading-edge TOA system ual--the leading edge of a pulse. For these re-

used to determine the location of a pulsed emit-
sons, this kind of system could be particularlyter, the several receivers necessarily lie at vulnerable to the waveform effect described above.

different angular positions from that emitter.

This analysis indicates that in a simple idealized If the TOA receivers are identical, and if the
TOA system that would otherwise be entirely free emitter waveform could be the same at all angles,
from error, the waveform effect arising from a the exact response of the receiver would not be
directional emitter can lead to errors of several especially critical. The outputs from two receiv-
dozen meters in the computed location. ers, suitably adjusted in amplitude, could, in

principle, be made exactly coincident by a suitable
time displacement. That displacement would then be

INTRODUCTION the difference in arrival times. When the receivers
receive different input waveforms, their outputs

A directional antenna is a frequency-selective necessarily differ, and no combination of amplitudeAilter diosreion ae s witanequen eece adjustment and time displacement will make them
filter whose response varies with angle (the drec- coincide. Thus the difference in arrival times is
lated signal is transmitted, the various spectral no longer defined uniquely, and it is necessary to
coate nas tperaensmdite thse ar d splctl adopt some arbitrary definition of the event that
components experience different phase nd amplitude will constitute "arrival." The numerical value ofchanges at any one angle, and each spectral compo- the difference in arrival times will depend upon

nent experiences different shifts at different the definition chosen. Various possible defini-

angles. Consequently, the far-field waveform is tion wii lead to different solutions for the
different at every angle (except for possible syw- toswl edt ifrn ouin o hmetry)e emitter location, and this arbitrariness indicates
mt.that some system error will occur even in an ideal-

Most analyses of system behavior assume that ized system that might be expected to be perfect.

the far-field waveform differ only by an amplitude To estimate the magnitude of system error that
coefficient. Although this approximation is ordi- might be expected, it is necessary to analyze in
nrily acceptable, it overlooks effects that might detail how the transient response of a single re-be sinificant in systems tht accept signals ovr ceiver varies with position in the antenna pattern

a range of angles and that rely on waveform details. of the emitter. Once this is done, it is possible
This paper indicates .that the effects that arise to examine the system performance of a rudimentary
are associated with each pattern null of the direc- TOA system consisting of three identical receivers.
tional antenna and are found even at the edge of Analytical difficulties dictate that a simplified
the main beam. Thus, this minor effect could even and idealized receiver design be considered, that
limit the ultimate performance of system that donot employ wide-angle signals. we assume the system to be free of noise and inter-

fering signals, free of multipath and propagation

TOA SYSTEM anomalies, and that time can be measured perfectly.
It is intended that the system would be free of

In a so-called leadin-edge TOA (time of error were it not for the effect of the emitter

arrival) system, several receivers at diverse antema on waveform.

locations record the tims at which the leading

- . . ,-
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Our inability to solve the wave equation sub- U(O) 1 + 3Ao t + )
ject to the boundary conditions of a directional 2A 0 (0
antenne necessitates the adoption of the customary

-odal wherein the antenna is regarded as an spar- is passed through a single-stage bandpass filter
ture in an infinite screen. Although this model whose Q is QO9 and if the filter is tuned to wO/600
works vel enough for ordinary purposes, it is where
well known to fail at large off-axis angles; use
of this model i undoubtedly the most serious de- - )2
fect in this analysis. It is convenient, and less A0  1 --(2Q)
harmful, also to adopt the Xirchoff approximate
boundary conditions. The emitter will be taken to then the output ts
be a uniformly illuminated line or rectangle of
length L, radiating simple long pulses at angular Fo(t) - sin(Not + $ + 4)
carrier frequency wo . The directivity pattern at
the carrier frequency is taken to be sinZ/Z where"oL  - M. "xP[ "°t/2A°Q sn((o°t +  + u -

Z 0 T-- sine where tan# - 1/4AoQ0

and 6 - angle from the emitter axis. and

AXIAL WAVEFORM

The analysis starts with the adoption of a
suitable pulse waveform that is found on axis in ten( - cos2$)
the far field. The aperture model of the antenna,
together with the approximate boundary conditions,
allows us to suppose that this is also the Illumi-
nation incident upon the aperture. (The far-field
axial waveform could probably not be found in the 1 - tan# sin2*
near field of a real antenna nor In the feed struc-
ture. This assumption is merely a stratagem The tuned frequency of the filter is offset slightly
whereby we seek to estimate the off-axis radiation from w to avoid different frequencies n the two
without really solving the boundary value problem.) sinuso d:. That mituning introduces a small in-

sertion loss at wO , and the amplitude of the stepped
It will be supposed that the pulses are suffi- carrier is adjusted to normalize the output from

ciently long that we can ignore events associated the filter.
with the end of the pulse; we seek a satisfactory
description of the front end. It would be cony- This waveform, F0 (t), is taken to be the far-
nient to assm the axial waveform to be field waveforn on the emitter axis. As In 7(t),

the expression contains a steady-state term and an
F(t) - [ - exp(-1Wot)] .n(.ot+*); t 2 0 exponentially decaying transient, both at frequency

. However, FO(t) Is.,phase-modulated mad does not
have evenly spaced tero croseinges until the tran-

That is, an aplitude envelope ultiplying a fid sient dies out. Moreover, the amplitude of the
transient term In To depeads upon *. The local

Carrier phase *, defined with respect to the phase adjustmants avoid the accumulation of a lotg-

pulse gate and regarded as constant during a pulse term average, and F0 does not deliver a met charge.

should be arbitrary and possibly variable from cannot be represented as an alitude envelope

pulse to pulse. oaever, the erage value of the multiplying a fiod carrier. e r that eason this

integral over timm of F(t) is not sae unlesws for n teceiate that the transient analysis of
tan# - K. Moreover, this averae accumlates t I receiver be carried out exactly.
rapidly during the early portion of the pulse. A In all numerical examples below the value of
mo-nero averae would maa that the emitter deli,-
ee a net average electric charge to the far field, % i chosen so
and that is Impossible. Thus, this couveniaent on- 2&0Q0 6a
velope form, with arbitrary ph"*, is physically
imposible. For ant purposes, this shortcoming is
harmless, but i this case the now-sa average QO 9.438
would lead to sorlous. difficulty In treating the
heterodyne ste of the receiver. To avoid that, This attributes to the emitter a fairly typical
it is neessary to adopt a waveform whose avrge half-power bandwidth of 10.6 percent. It will be
is acro. apparent below that results of the amysis would

If a step-modulated carrier be altered only i minor detail by other similar
sof %O; the pals rim elm e very little



Influence on the receiver response if it is short
compared to the rise time of the receiver, as it
usually will be If the emitter is a radar.

OFF-AXIS WAVEFORMS

When viewing the emitter aperture off axis,
one end Is closer to the field point than Is the
center of the aperture. if the signal arriving -a)t+Z
from the center commences at t - 0, then the signal 2- AQ0
starts to arrive from the near end when +m o(o

t Laine

During the tie Interval -Z/w0 sc t a /o0 , the
portion of the aperture that contributes to the
arriving signal Increases.* The Incremental cow- sp *

tributions from different portions of the aperture F2 Z sin(wot + + *
experience different transit time delays, and the
resultant waveform =ast be calculated by what
amounte to a convolution with the Impulse response
of the aperture. U~t'+Z

The signal arriving during the early time N &K
interval is given by + ji' c(~t + + z+ 13 )

F (t) aI (zdz ; -Z iu mt scZ t

whereas In the subsequent Interval, when the entire
aperture contributes, the signal Is

u~tZ Two Important points arise: (1) 12 contains

70(x~s ; Nt a Zterme that decay expomntldly; thus It sbould mot72 (t) 0i 2Z(d be uwot tha pr,, is the trmwleat and 12 theivot-l steady state. 21 only the steady-state term in 1
carries the coeffieloot sinS/2. Thus, it to Only "

love the variable a has %een suhetitutod for the this steedy-tate term, that ethibIte the diretrir'-
retaded imefuncionity pacterm of the aperture. Nons of the other
retarded~tm go ecto to mere when dm3 a at tOere Is a signal4

z a , jjjft P2000t IS all the 11ul1s Of the0 SUMi petterst.
(t # OLreN"ver, do tte that Comprise that signal M

plesent at all Z mge srely is, the nulls.
te reproestatien of dhe of f-ante wantso= as two
Successive semets t maiel A--stet $24"IM
Z/00 (at that tie, 1 e7 nd they It Womted abaf that seet disamueioe of
Compise 0 *In$"e is wov a a the far field wagard the e1f-axle waorm as I t)
whole will be designated I,,; that do wma eri matiplied by en ampiude Coefficient. "Mus it
tAM will be mmd fm" beuZK fto WOvesm to in et i1tePrW~te to eall
smoothly jolmod ewesessive asets.

A diifftegt maerr tAme Or ue-aiform Mr~ VOW I) a 0
i11laition would farsdu- lowe eo lsepsods __

abne en edditisal, fester doet is a Iintim of s. th Weveevthat is oarniy "eupeated." It ise
* ~That Would 000 1h gu~esa Mere dffioult, amd osmueleat her to emll

would Yield dii litsi . e meste
WoldstllOM. ad doe durtim ~ of -P Would
nufilu 0& . Per 1 tafm of Toaetlbss u e



the "extra" signal that shows up because of the an-
tenna effect. The two terms that comprise the
"expected" signal do not occur in F1 2; the ex- z/- 49.0
pression for the "extra" signal is c&plicated and
will not be displayed here because it is not em- 49t null

ployed in that form in the subsequent analysis;
However, the view that Fl 2 can be regarded as the
sum of these wo signals ra useful in interpreting
the results of the analysis. Z/v 49.5

Figure 1 shows Fl 2 on the source axis, in the

first pattern null, near the top of the first lobe,

and in the second null. Figure 2 shows F1  in the
12th null, the 12th lobe, the 50th null, in the
50th lobe (Z/v - 50 occurs about 90* from the axis i 50.0

of a source whose beamiidth is one degree). In all 50th null
pattern nulls, the "expected" signal is absent and
the signal is the "extra" signal alone. At other
angular locations both are present, and it is dif-
ficult to visualize the appearance of the "extra" Z/w - 50.5
signal. 50th lobe

t-O IEr2tlb

Z/V . 0

Figure 3

Z/ir = 1 ;Figure 4 shows the "extra" signal at interme-

diate angles. (In these and all subsequent figures,
the waveforms are shown for 4 - 0. Other choices

1of * lead to minor changes that can scarcely beZ/W - 1.5 observed by eye.)

Z/ir - 2 Z/w 12.6

12th null

Figure 1
t 0

Z/w - 12

A/& 
=/ 

12.2
Z/., .- 12.5

Z/i -50

Z/v - 50.5

Figure 2 Z/v 12.75

Figure 3 shows the "extra" signal in two nulls
"* and two lobes at lete off-axis angles.

Figure 4

...- .......
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In all cases, the duration of the "extra" sig- It is impractical to undertake an exact
nal is somewhat longer than 2Z/w0 because the analysis of the nonlinear heterodyne detector.
transient terms of F2 endure after t = Z/w. Never- Instead, we adopt the conventional approximation
theless, the duration of the extra signal is brief that the detector is a square-law device. The
even at large Z. In particular, the duration is customary arguments are invoked to justify ne-
likely to be small compared to the rise time of glect of the squares of F1  and the local oscil-
the receiver. It should be noted that, at any lator signal, and the outpl from the detector is
given value of Z, the amplitude of the "extra" sig- taken to be
nal is not generally small compared to the ampli-
tude of the "expected" signal. Thus, the "extra" F3,4 - 2F1, 2 cos [(W0 + W )t + a]
signal usually delivers much less energy to the
receiver than does the "expected" signal because This output, represented as two successive seg-
of the difference in their duration, not their ments, is the input to the IF strip.
amplitude.

TRANSIENT RESPONSE OF THE RECEIVER At this point, F3 ,4 can be decomposed into
terms at the sum frequency, 2W0 + wl, and theTo minimize the analytic burden, the design difference frequency, w1 " It is customary to

of the receiver is simplified and idealized. Thus, discard the sum frequency terms because the steady-
it is supposed that the receiver employs a wide- state response of the IF strip is down many dB at

band non-directional antenna so the waveform de- that frequency. The argument is adequate under

livered to the RI amplifier is exactly the same as nst circmstatces, especially if the signal is

the free-space waveform (effects of the receiver not strongly modulated. However, the transient
itself on the radiation field are ignored). A response of the IF strip is not down nearly so

directional receiving antenna would add further many dB, and neglect of the sum terms would inject
effects counterpart to those that led to F, 2, a troublesome formal difficulty here. Certainly,
if the receiver accepted signals off Its usa'axis. 1 equals zero when t - -Z/w 0, so P must also
Such a situation would increase the analytic task equal zero at that time. However, if the sum fre-

without adding anything new and is not worthwhile. quency terms are discarded, it will be seen that

The second antenna would not, however, offset the F3 is not zero then; instead, F3 undergoes a dis-
continuous jump. Such a step, introduced as an

effects of the first; rather, the effects would be analytic artifact, would cast doubt on the subse-quent analysis. Thus, the sum frequency terms
are retained. However, it is found that these

The receiver will be taken to contain only an terms yield, in the output of the IF strip, com-
RI front end, a heterodyne detector, an IF strip ponents that have relatively weak initial ampli-
whose angular center frequency is w1 , and an en- tudes and fast-falling exponential factors. Their
velope detector. The arrival time of the incoming contribution is negligible except during the very
signal is measured at the output of the envelope early portion of the IF output. Although it was
detector by a circuit that implements the selected formally necessary that they be retained here,
definition of "arrival." Although rudimentary In they could usually be neglected in future analyses.
all aspects, this design contains the major ele-
ments of a heterodyne receiver and it suffices to F contains four terms and 14 contains six;
illustrate the phenomena that occur. half tIe terms run at the sum frequency and half

strIt is not ucoon, in analyzing a hetrodyne at the difference frequency. Only the two steady-

A reeivr, t igorethe eletivty o th RFstate terms In F& carry the directivity patternoreceiver, to ignore the selectivity of the I coefficient SinZlZ; the others carry coefficient
front end because most of the selectivity is in 1/2Z. Phases a and # appear in the combination
the IF strip. We commence with that approximation, (a - *) in the dominant difference frequency term
but this choice is reconsidered below. At thispoint it is assumed that signal F1 2 (or YO 

on  
and (a + #) in the weaker sum frequency term."

axis) is delivered to the heta oda e detector. Thus, although the influences of the two phases
iare not precisely interchangeable, they are very

The local oscillator signal is taken to be nearly so; if either one is effectively random, itis Imaterial whether the other is controlled.

cos[(a0 + wl)t + a] Figures 5 and 6 show F3 4 corresponding to

signals Fl,2 shown in Figs. I ind 2. The sinuous
at an amplitude much higher than that of F1 2' shapes are seen to reflect the sum and difference .
Phase a should be regarded as random from Me re- term added (not modulating each other). The F134
ceiver to another on any one pulse and random waveform at Z - w, shown in Fig. 5, will be dis- 

from pulse to pulse in any one receiver. (A cussed in detail below. (In these figures, the
chane of one half of am RF period in the transit choice a - 0 ts shown, and a0 - 40w.)
tim from the emitter to a receiver would shift a
over the entire significent range.) If a is re- The IF strip is taken to be a four-stage
sarded am eonst over the pulse duratios, then Butterworth (maximally flat) bandpass filter whose
this represeest the receiver to be perfectly tured half.'yowr basmidth is *l/Ql. Such a filter is
to the soum e carrier. Slight mistui8 could be perhaps rudimentary compared with comm practice,
de ibed by a c alns during the pulsel that but this was the most complicated filter that it
Would lead to moe complicated effects them are seemed feasible to emalyse. The analysis requires
discussd here that the correct badpass impulee respons of the

.. i-



t to convolve IF5 61 with this Impulse response.
Z/ -O 0 Inasmuch as the zero crossings Of F5 6 are not

Source axiis regularly spaced, It it imipractical to perform the
convolution analytically. The convolution was per-
formed by nmerical integration as the computer

Z/V a 1.0 produced 756
First null

The nmerical examples shown here were obtained
/1- 1.5 for a source carrier frequency of 3000 M4z, an IF

First side lobe center frequency of 60 Mzl, and 1F half-power band-
width of 10 Ml l - 8). The cutoff frequency of
the envelope detector wes set at 30 M~lz (&)c - w8

Z/v - 2.0 This choice reflects detailed consideration of tie
Second null tradeoff between the rise time of the detector and

acceptable peak-to-peak ripple. The rise steepness
of the output signal, 17, is controlled almost en-
tirely by that of the IF strip.

Figure 5
DRUEDfI1C OF AMPLITUDE ON PRUE!

tw 0in Fig. 5, the F3 4 waveform at Z a, rt seen
to lie almost entirely'on one side of the ais.

Z/v - 12.0 Despite the care taken to eliminate a long-term
12th nunfl NNw average value from the source waveform FW * it is

evident that 73 4 can deliver a net charge to the
Z/w -12.5IF strip. Unlit; the radiation field of the emit-

Z2th lob 125A"______________ ter. the heterodyne detector Is capable of deliver-
12thlobeIng such a charge. Although not so evident to the

Z/v - 50.0 50th null eye, every waveform shown in Figs. 5 and 6 has a
non-zero average value and delivers a net input
charge to the IF strip.

Z/* - 50.5 50th loeThe average values of these waveforms depend
on phases aand *. Figure7ushows 3 4 at Z- w
for two values of a (90* apart) that dieximixe and

-~ eliminate the average value. If It Is supposed
that 13 4 Is expressed in volts, then at Z - i, if

Figure 6 # 0, hie average value of F3,4 is

filter be known, and the calculation of tht e -4.383 x 1071 cos(a - 2.7274) volt-seconds
spoue ws dificlt; t i ive inthe ~enix. Moreover, this Integral accumualates very quickly

The output of the IF strip isotindb and Is very nearly equivalent to an Impulse that
convolution of F 4with the Impulse response of Is, for a *2.7274, 207 dB below a unit Impulse. i
the strip. The 11ret segment of the output, 7~
contains 64 tern- whnealae at the limits t 0
of integration, The secoed segment, FP6 , contains
96. These were written out, bet it was not foud a -2.7274
to be possible to collect them down to a =nag*- -

able numer of tern. During the study, these
were Iprse I In geric form, the snmrous com-
seems. were listed In a comuter, end the comr-
Puter Provesn was looped to rue through all the
term; that loop mest be reram for each value of
t to Obtain the output going to the envelope
detector.

The envelope detector wa taken to be a per-
feet full-wave rectifier followed by four Identi-
cml mutually Isolated leose.. &C Stages. 2ke '
Impulse reaponse of thig loupoe. filter is

(a 0 t 3  -aUt Figure?7

C This situation is not restricted to the pat-
ters mull@. *At any Z 2- 0 the aerage value of

ANTSla SMN eutoff frequecy. To obtain 1P3,4, In voIlt-second, Is (for9 0)

(4w rm(df Dot~ wefm 7 I sMN
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sin(J) -gmeters In 20 10 40 so) i 70

W Z 799 x 107 cos(a - 2.7274)]

The ratio 41/40 reflects the choice here of T
w- 40wl. It Is remarkable that the phase depen-d-axis angle vav-dece is-independent of the off eie one

able. Z. Phase # plays a role that in essentially
equivalent to that of 0; changes of either one
vill cause the impulse delivered to the IF strip
to vary. Such an Impulse will generally be deliv-
ered unless sin(41/40Z) is zero. The fact that -L
this is "out of step' with the sinZ/Z pattern

leads to an intricate dependence of the receiver
response on Z. f Period& 5 it

When this net charge is delivered to the IF Figure 8

strip it excites, essentially, the Impulse re-
sponse of the strip at an amplitude that depends source axis and is essentially the response to a

on phases a and #. The equivalent insertion time stepped carrier. On the other hand, in any pattern

of this "Impulse" varies slightly with Z and with null, the "expected" signal Is absent and the re-

the phases. Moreover, the response that is cx- ceiver response is essentially the impulse response

cited is not exactly the impulse response, and of the receiver. It is evident in Pig. 8 that the

the response vavefort varies slightly with Z be- latter "arrives" earlier than the stepped-carrier

cause the rapidity of insertion depends on the response. (Both responses comance at t - -Z/uO,
but that is unobservable.) The difference in theshape and duration of the transient terms of 73,4 .  two arrival times depends both on the definition of

Finally, it should be noted that, although "arrival" that is chosen and on the receiver design;

the lover wavefor in Fig. 7 does not deliver a for the definition discussed and the design consid-

net charge, it does deliver energy to the IF strip ered here the difference is about 14.2 meters, de-

and it does so quickly. It too excites very pending slightly on the phases.

nearly the impulse response of the strip, but the
excitation amplitude is lower because of the ab- The difference between the arrival times has

sence of the net charge. nothing to do with the source aperture width or any
other feature of the Pource. It is found below

RECEIVER RESPONSE TO TWO INPUT SIGNALS that this quantity controls the magnitudes of the

errors made by a TOA system, just as it is seen

The foregoing discussion underlies a qualita- here to control the disparities of arrival time in

tive understanding of the receiver response that a single receiver. For that reason It will be

is more illuminating then the detailed analysis, termed the scale length of the receiver, designated

in part because the qualitative description is by symbol S. It might be supposed that more selec-

comparatively insensitive to particular values of tive IF designs, with more poles, will exhibit

the several paraters such as on/l 1 , QO. Ql, and longer scale lengths than the 14.2 meters seen

so on. here. If so, then the examples of system error
shown below understate the ma itude of the errors

The rise time of the "expected" signma is to be expected in real hardware.
uch shorter than the rise time of the IF strip.
COnequently it will excite in the receiver a Close to, but not exactly I, each pattern
response that is very nearly the response to a null sinZ is so small that the "expected" and
stepped carrier (not the stop response of the re "extra" signals excite their respective receiver

ceiver). The upper portion of Fig. 8 shows that responses simultaneously at comparable amplitudes.
response waveform at the output of the IF strip Ahead of the envelope detector these responses are

(oscillatory curve) and at the output of the enve- oscillatory, their zero crossings -are not evenly
lope detector (smooth curve). The "extra" signal spaced, and their amplitudes vary differently in

Is much briefer than the IF rise time, and It ex- tims. They interfere, and the resultant is acutely

cites very nearly the impulse response of the re- senaltive to their relative timing and amplitude.
ceiver. That resp6me wavefors is shoaw, in the Moreover, the "extra" signal does not quite excite

lower portion of Fig. 8, at the IF output and at the true impulse response, and the changing dura-

the output of the envelope detector. These curves tion with Z leada to Interference that ts different

are marked off in tim intervals of IF periods In detail around each pattern null. Further, the

(12.5 nanoseconds) and In equivalent dIstances, mplitude of the impulse-like excitation changes
startfng at t e 0 as defined earlier. with phases a and # because of the changing average

value of 73 4. Although phase changes scarcely

Over met of the width of any soure side influence te receiver response in the pattern
lobe, s1n Is sufficiently large so the response nulls or well up In the lobes, phase alters the

olted by the emspected" signal mvs that ex- response considerably at the lobe edges where sir
cited by the "era" sigal. The receiver output nificant Interference occurs. In now instances,
is scarcely differet frem that feud on the the shift of arrival time with phase exceeds 3;

I I I I I I l l I I IT

IMP • ,i U |- -
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thus, although S sets the scale of arrival time Meters 10 20 30 4P 50 60 70
shifts, some shifts larger than S occur. , . . .-50

OUTPUT WAVEFORIS

Figures 9 through 16 show examples of the .re-
ceiver output, F7  They are selected for illus-
trative purposes and are not a representative set. -60
In each figure two curves are dramn for phases 90
apart chosen to show the approximate extreme atthat value of Z. (in all cases the shapes of the dB /=0.9

curves change with phase and no pair 
cas be said

to show precise extreme.) -70

Figure 9 shows the response to F0 on the
source axis. This is essentially the stepped-
carrier response and is nearly insensitive to
phase. For visual reference this response is IV Periods J 10 15 20
shown dotted in Figures 10 through 16, but at am-
plitude sinZ/Z. (In all these curves, zero dB is Figure 11
the steady-state level on the source axis.)

ietrpovan n AP % q - A p 7. Heters l0 ( 70

0

-60

-20

40
A - 0Z/r = 0.999

60 dB

80

IF Periods 5 10 15 20 IF Periods 5 10 15 20

Figure 9 Figure 12

ieters 10 2? 3o 4 0 60 70 Meters 10 20 30 40 53 60 70
-40

-60

-50 -70

dB

dB Z/w 0.980

Z/w i 1.0

-60 -90

IF Periods 5 10 15 20 IFPLrdid 5 10 . 20

Figure 10 Figure 13

I A



Figures 10 through 13 show the rapid evolution
et e, 19 20 ), 4 50 60 70 of waveform over a very narrow angular interval as

the first pattern null is approached. In the null
itself the two curves are displaced vertically

-6( about 14 dB. The two curves in the null are almost
exactly the same, and they are essentially the im-
pulse response of the receiver; the two have the

-7C- same arrival time within 0.2 meters, and that time
is about 14 meters earlier than on the source axis.

dB The 14-dB shift in level reflects the presence or
-8( 5absence of a net charge injected into the IF strip

by F ,. The upper curve is within a fraction of a
dB o 'the theoretical response to an input impulse

-9( 207 dB below 1 volt-second (see above). The level
of the lover curve reflects the energy delivered by
F3 , even when the net charge injection is zero.
No'lotted curve appears in Figs..13 and 14 because

IF Perioda 5 1() 15 20 sinZ - 0; in Figs. 10 through 12 it should be noted
that the dotted curve tends to be bracketed by the

Figure 14 solid curves; arrival times either later or earlier
than the axial time may occur, depending on phase.

Figures 14 through 16 illustrate the situa-
Meters 10 j0 ,0 40 50 60 70 tion in the vicinity of the 35th pattern null.

-61 '' '' The swath embraced by the solid curves is nar-
rower here, but the waveform are about the same
In the first and 35th nulls. Just outside the
35th null the entire swatch is seen to arrive con-
siderably earlier than the axial signal. Further,

-7C the interval of Z about each null over which the
curves differ substantially from the axial response
increases with increasing Z. Z/w - 35.05 yields

di /curves that are displaced from the axial responseroughly as much as those at Z/w - .995.

Evidently the troubles caused by the antenna
effect are localized near each null of the source
pattern; although there are progressive changes
with Z, it cannot be said that there is a clear

IF eriods ' 15 '0 trend to more trouble at large Z than at small.
One might feel that the troublesome angular regionsFigure 15 are so narrow as to be inconsequential for a eys-
tem. However, a highly directional emitter offers
many pattern nulls, and the analysis suggests that
troublesome locations, where appreciable shifts of
arrival tim occur, occupy roughly 10 percent of

He arm, 39 20 fig M qnthe interval 0 % 0 g 90'. That, in turn, suggests
that about 25 percent of the time at least one of
three TOA receivers will be in a troubled position.
That is, of course, a rough estimate that depends

-6C- not leasi on what constitutes "trouble;" neverthe-
less .it appears unwise to suppose that the narrow-
ness of the angular intervals will make these ef-
facts unimportant.

-73. DEINITION OF "ARRIVAL"

The discussion above deferred making an ex-
d| plicit choice of the seat that constitutes

"arrival" (althoush soe numerical values mn-
tioned deped on the choice). To dicuse system

-. _ . . . . . . ._,_ , , errors it is mecessry to mehe Such a choice, and
IF Pario 5 10 15 20 a couple of emadidtes deserve mention.

1gure 16



"Arrival" might be said to occur at the in- The computer determined the three arrival
stant that F7 first rises past a predetermined times at each of 10,000 equally spaced source ro-
fixed threshold level. (In practice, the several tation angles over the 45" range; such frequent
receivers could probably make adequate allowance, sampling probed the lobe structure in detail. An
if necessary, for their different distances from approximation was used to find the average arrival
the emitter; this would generally be a small number time for each receiver if, for each source rotation
of dB. Because arrival time would then depend on angle, a large number of pulses was observed so as
incoming signal level, this definition might seem to average out the effects of phase. This somewhat
inherently disadvantageous. However, it is seen in advantageous averaging over phase is probably un-
the figures that the early portion of F7 rises very realistic; it is unlikely that a real system would
steeply; if the threshold is set low enough the de- be able to observe a great many pulses at each
pendence on level will be moderate and possibly source orientation.
acceptable. During this study, this method was
examined for thresholds set at -80 dB and lower Averaging over phase removes the only random
(depending upon operational circumstances, includ- element, and the situation is right-left symmetric.
ing background noise and interference, such levels Thus, a source rotation over 45' in the other di-
might be feasible in practice). Although this rection was unnecessary. At each of the 10,000
fixed threshold method was not used in the balance orientations the three arrival times were used to
of the study, it might warrant consideration in calculate the radial distance from "the computed to
some cases. the correct source location. Those 10,000 errors

were arranged to form a cumulative error distribu-
In this study, "arrival" is said to occur at tion. The experiment was carried out four times

the time that F7 first reaches one-half the value to examine four values of source directionality:
reached in the highest subsequent peak. To imple- L/A - 30.5, 40.5, 50.5, and 60.5. (Half-integer
ment this definition, it would be necessary to values were used to avoid placing a null at e - 90.)
delay the signal to allow a retrospective deter-
mination, but the needed delay is short inasmuch The four distributions of error are shown in
as the first peak is the highest and it comes Fig. 17. The curves show the fraction, p, of
only a few 11 periods after "arrival." 10,000 errors that exceeded the distance shown.

It is seen that errors larger than 5 meters oc-
To minimize measurement errors, it is desir- curred some 15 to 30 percent of the time, and

able that F7 rise as steeply as possible through errors larger than 10 meters some 10 to 20 per-
this 1/2 peak level. The design of the envelope cent of the time; there were a few errors as large
detector was chosen so the steepness is nearly as 48 meters. The four curves have the same shape,
that of the IF strip itself; this steepness cri- and that shape is determined by the arrangement
terion is not quite equivalent to the throughput and exact shape of the source lobe structure, the
time, which is immaterial. definition of "arrival," and the transient re-

sponse of the receiver. There is nothing random
FIRST COMPUTER EXPERIPMNT here.

The error'made by a TOA system in computing
the location of the emitter depends on the vari- 1.0 I I
ous arrival time measurements made when the re--I/
ceivers are at different locations with respect S
to the emitter axis and all, therefore, experi- . S (2+2)
ence different values of Z. Further, if the 6
source rotates only a little, all the values of Z .6 60.5 .039
are changed and an entirely different set of L 50.5 Benidth 1.005
arrival timse may be reported. The consequences A 40.5 e1.253*
were examined n a computer experiment that mod- .430.5 1.664"
sled a rudimentary TOA system.

Three identical receivers were arranged in a .2Ssymmtric array that subtended 90
° 

(two 45" angles)

at the source. The receiver array was stationary,
an was the source, but the source was allowed to ',,rotate through 45% starting with the axis aimed 10 2n 30 Q 50

at the middle receiver and ending with it aimed at Vbters
one of the outer receivers. (The representation Figure 17
of the emitter as an aperture in a screen is mean-
ingless for 6 > 90', and that restriction prohibits There are three tick marks at the top of Fig.
consideration of rotation beyond 45' if the total 17. The first, on the left, shos scale length
array subtese is 90'. Rearetably, available an- S - 14.2 meters. The curves do ot edibit may
teens theory does not permit a meaningful treatment feature at this distance because U dome not embody
of signals in the rear hemisphere; indeed, the the anular geometry of the receiver array. The
theory used here io highly questionable at large other two ticks show S multiplied by coefficients
values of Z In the forward hemisphere.) that arise from the array geometry; the two value@

reflect whether oe or two receipers are troubled,

-4-
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and whether it is the middle receiver that is 2. In the troublesome regions the shift
troubled. The curves show a sharp break at the of arrival time with phases o and
middle tick and end at the third tick. Clearly, is exaggerated, tending to reduce
S establishes the distance scale for any given the benefit from 1.
array geometry.

3. The arrival times on the lobe tops
This is an upusual kind of error distribu- and exactly in the nulls are no longer

tion, even aside from the fact that it does not the same across all tops and nulls.
arise from a random process. Although the scale Instead, these values remain about
of error is controlled by receiver design, irre- 14.2 meters apart and both drift up-
spective of the emitter, fraction p--the likeli- ward slowly as Z increases. Around
hood of experiencing any given amount of error-- Z - 50, the arrival times of the
is governed by the lobe pattern of the emitter. "expected" and "extra" signals are
The more nulls, the more chance of trouble. The about 2 meters later than they are at
number of nulls in the range 0 O0 90 is equal Z a 0 and Z wt.
to the integer part of L/X, and it is seen here
that the four curves are arranged in order of L/. Although 1 and 2 above conflict, the two to-

gether are mildly helpful. However, 3 introduces
TUNED FUON/T END an entirely new harmful effect. Even if all the

TOA receivers are at lobe tops, they no longer
Because scale length S is the difference be- report the (am arrival times; those situated at

tween the arrival times of the impulse response larger Z report slightly later arrival. Thus,
and the stepped-carrier response of the receiver, small system errors become nearly inescapable, and
the results shown in Fig. 17 depend upon the fact the system makes a great many small errors. The
that the "extra" signal excites the impulse re- three items above, when taken together, produce a
sponse. This brings into question the assumption tradeoff wherein the likelihood of large errors is
made earlier that tike selectivity of the RF front somewhat reduced, but at the expense of many more
end could be neglected. Perhaps the "ringing" of small errors.
a tuned RF stage would "stretch" the "extra" sig-
nal enough so the response would no longer be the SECOND ODNPUTER EDER I I
impulse response. If so, most of the effect
might disappear. The first computer experiment was repeated

with the following changes:
To investigate this question, the entire

analysis of the transient response of the re- o The receivers had 10 percent front-
ceiver was repeated, this time vith one bandpass end bandwidth.
stage between F1.2 and the heterodyne detector.
(More than one such stage would be too much ana- o The emitter rotated 900, from one
lytic burden. Even one stage adds many more outboard receiver to the other.
terms in the expressions for F5 6 .)

o Only 100 receiver orientation angles,
Front-end bandwidths of 5, 10, and 20 per- equally spaced over 90", were consid-

cent were examined, and 10 percent bandwidth was ered.
explored extensively. For the 3000 G(z source
carrier considered in numerical work, these o No phase averaging was done and only
correspond to bandwidths of 150, 300, and 600 one source pulse was observed (by
13z. In view of the 10-Nz I1 bandwidth, it all three receivers) at each source
seems unlikely that a designer would use a orientation.
front-end bandwidth much narrower than S percent.

Front-and tuning complicates the results A new random number was drawn to represent
greatly, but no systematic trends with the front- source phase *, and three random numbers were drawn
end Q were evident. On the whole, the qualitative to represent the three receiver phases a, for each
explanation In terms of the impulse response re- pulse. The computer used the exact routine for F 7
mains valid. Am approximate subsidiary argument to compute the time of arrivel of each pulse in
suggests that the front-end Q would have to be each receiver. Thus this experiment more nearly
about 100 in order to "stretch" the "extra" signal represents what might be expected when the system
enough so the receiver response would more nearly observes a rotating emitter. This second experi-
resemble the stepped-carrier response. mat was carried out only once for source directiv-

ity L/A - 50.5. The distribution of the 100 system
The important changes produced by 10 percent errors is shom In Fig. 18.

front-end bandwidth appear to he:
The curve In Fig. 18 is not as smooth as those

1. The troublesome range of Z about each in fig. 17 because it has only 11100 as mya data.
pattern null is narrowed, reducing Nevertheless, the shape is quite similar, and a
the likelihood of a receiver being break seems to occur at the middle tick mark. In
troubled. the absence of phase averaging, errors even larger
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1. APPENDIX

. I lAn N-pole Butterworth bandpass filter contains

.8 S(2+') N mutually isolated RLC bandpass stages. Let

.6 - = 2, 4, 6, or6 N-1

T =50.5 B- N I

.2 cj - 2cos(20j)

,= angular center frequency

10 20 30 40 50

heters -/Q1 - angular half-power bandwidth

Figure 18

If N is even, there are N/2 conjugate pairs of
than the right-hand tick are possible', but none stages wherein both members have Q equal to Qg"
happened to occur in this trial. It will be seen One number is tumed to ajw%, the other to wl/ .
that the probability of large errors is reduced These quantities are determined by
considerably, but errors of a few meters are
prevalent; the two curves for L/) - 50.5 cross at 1 1 \ 1 4
about 5 meters. Q 1 Q2-2W
CONCLUSION Q

The "expected" signal excites the stepped- (n-__
2  

1 1
carrier response of the receiver, whereas the \ 1) / -2 ;!
"fextra" signal excites the impulse response. The 0 1 j
arrival times of these two responses differ by an
amount, S, which is a feature of the receiver If N is odd, there is also one stage tuned to w1
design. S controls the magnitude of the system with Q equal to QI"
errors. System errors arise mostly from one or
more of the receivers being in or near a pattern Define
null of the source. Consequently, it is the lobe
structure of the source that controls the likeli-
hood of error.

The far-field emitter waveforme that underlie 0j
this process should be calculated by convolving 

j-

the excitation going to the antenna feed with the 2Q

true impulse response of the whole antenna (the
response varies with angle). Our inability to
solve the wave equatftn subject to real boundary

conditions forces us to use the highly fictitious (
model that represents the antenna as a hole in a (j -

screen. (The shortcomings of the Kirchoff approx-
imate boundary conditions are far less serious
than the aperture model itself.) The true impulse
response undoubtedly contains, among other things,
an oscillatory tail arising from the parasitic ~. I" 22 4 2
oscillations excited through the entire structure. -a 21j
Thus, the far-field waveforns undoubtedly differ- aJ

perhaps considerably-from those examined here. 2QFor that reason these results moat be regarded as
tentative and no more than approximate.

Neverthelsas, the existence of the "extra" A )+
sipal is a necessary consequence of the sa m j I
features that produce directionality. It appears
that this aspect of entnma behavior could be
troublesome In TOA sysem (end possibly in emy
systm that accepts off-axis waveforms end relies For N - 4, the impulse response is
on waveform details ). Whether or not the system
performance is affected significantly depends, of
course, on the particular application.

-.-"I
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