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DOPPLER RADAR USING LASER =
This invention relates to & Doppler radar for detocts
Ing the selatlye epecd of 4 wmoving ubject W wn vbsery-
Ing spparatus using coherent electromagnetic Waves,

for exumple, visible laver beums or -infrared laser §

beams.

LN S

The prior art deplcr radar includes an ;electmmukf

netly wave gensiatos fin gonuisting elovtivmagnelie
‘waves of 8 wingle trequency. The speed of 8 moving ob-

ject is detected by the beat frequency representing & 10

ditference botween the frequency of the generated
electromagnetic waves and that of the reflected waves
returning from the moving object. The generator ne-
cessitaten # frequency stubilleor o provent the fre.

quency of generated electromagnetic waves from vary- 1§

ing with time. The conventional equipment has the
‘drawbacks that the variation in the oscillation fre-
quency of the electromagnetic waves issued in the gen-
erator and the variation in the frequency caused by the

possible wavering of 8 medium prevailing between & 20

moving object and an observing apparatus leads to det-

rimental errors in Doppler frequencies determined by

observation. R ;
Hereinafter are concretely detailed the aforesaid

shortcomings. An ordinary generator which is not pro- 33

vided with a special automatic frequency control de-
vice unavoidably allows the _§en¢:ratsd frequency to-.
vary to a degree of 10~%to 10~ Hz. Assuming that gen- -
erated waves have a frequency of 10" Hz, the resulting

frequency variation will be of the order of GHz. Even 30

an automatic frequency control device having the high-
est precision available at present only restricts fre-
quency variation to an extent of 10710 to 107® with the
inevitable occurrence of frequency varistion ranging

from 10 to 100 KHz. Moreover, an automatic fre- 35

quency control device even of such precision becomes
bulky. Referring to the precision of a Doppler radar
using a generator subjected to the aforementioned fre-
quenicy variation, with the frequency of generated elec-

iromagnetic waves represented by v, the frequency of 40

reflected waves by », the relative speed of 2 moving ob-
ject to an observing apparatueg by V and shifts in the
Doppler frequency by f, then the Doppler frequency

shift f may, as is well known, be cxprcas_ed by the fol- o

lowing equation: -
 fmyy=v= Ve cosd
S - ()

where:. .

- @=angle defined by the travelling direction of an ob-
. ject with the direction of generated electromag-

netic waves, - : v

. Where there is determined. the Dappler frequency

shift from Equation (1) above, with @ set at zero, v, at

31X 104 Hz, V at 36 km/h = 10 m/sec and ¢ at 3 X 10

m/see, then f will amount to 10 MHz. Accordingly, -

even if there is used an expensive frequency control de-

vice, the frequency of generated electromagnetic

waves.will unavoidably shift to the aforesaid extent of ~~ que ' \
-~ object by counting the frequency of output signals from

10 to 100 KHz. This means that said control device

only allows frequency variation of the dynamic range -

‘1o be determined with a precision of the order of one
or two places at most. S AR

Next is described frequency variation resulting from

the wavering of & medium prevailing bstween a moving

object and an qlmwin; apparatus. H. Hodara gz alge-
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port in the Proceedings of IKEE, Vol. 54, No. 3, March,
1966, P. 368, under the title of **1 aser Wave Propaga

" uan twough the Atmosphere”, that with the relative

distance Lc of the atmosphere set at about 10 m and
he relative thme Te thereof ul 10 ? sec, the length A,
of coherent electromagnetic waves at 10~° m, the space

-distunce L. between a moviag object and the obserying

appatatue-at 3 ki snd the 100l wsan sguare of vails-
%ﬁn the refractive index of the atmosphere. at
» where &n is the variation in suid refractive index
per I°K of the temperature T of 300° K will broadly
amount to 1079, if said refractive index is taken to be
1.0003. Accordingly, with An® reprosented by 1079,
the averuge squure <> of variations in the frequency
of transmitted electromagnetic waves caused by the
wavering of air due to its changing temperature may be
givenas . o . T
<fr*> = LLc/A* - An¥/T2 -
Substituting the aforesaid values in the equation above,
average varjations'in the frequency of electromagnetic
waves travelling both ways through the space distance
of 5 km will approximate 300 KHz. If there are taken
into accoupt other factors such as the effect of wind
and locally prominent wavering of air, then there will
arise frequency variations of the order of MHz. Fre-
quency variations resulting from the aforesaid changing
conditions of a medium cause frequency shif f to pres-
ent errors. : I ' R
It is, accordingly, the object of this invention so pro-
vide a laser Doppler radar which, even when there
occur variations in the frequency of generated electro-
magnetic waves as well as in thg frequency of reflected -
waves due 1o the effect of the conditions of a medium,
prevents shifts between the frequency of generated
transmission electromagnetic waves and that of re-
flected waves from presenting errors, enabling the rela-
tive speed of a moving object to an observing apparatus
1o be accurately defined and is also capable of produc-

ing largs outputs. -
arge
/ SUMMARY OF THE INVENTION

According to an aspect of this invention, there is pro-
vided a laser Doppler radar which comprises a means
for generating a plurality of coherent electromagnetic
waves of a single longitudinal cavity mode and having
an exactly equal frequency interval, means for direct--
ing the electromagnetic waves to a moving object;
means for receiving from the moving object a plurality
of reflected waves subjected to Doppler shift; first -
means for mixing said plurality of electromagnetic
waves and drawing out only those waves which have a
frequency corresponding to the aforementioned equal
frequency interval; second means for mixing said plu-
rality of reflected waves and drawing out only those
waves which have a frequency interval corresponding
to the equal interval of the transmitted electromagnetic
waves; third means for mixing output signals from the
firet and second mixing and drawing means; and & fre-
quency counter for detecting the speed of the moving

the third mixing means. ,

. This invention can be more fully understood from the
following detailed description when taken in connec-
.tion with the accompanying drawings, in which:

~ FIG. 1 presents the basic arrangement of 2 Doppler

- radar according to this invention;
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FIGS. 3 und 3 wre curve diugrams showing the elece

radur by wiay of ilustrating its busie arrangement;
Pich. 4 in 8 biloch hirult dhmmm of an 9mlunlmwm
of the invention,

PGS 8 to 9 we block circuit thiugramm of other cm-:

budiments of the invention; and
FIE 10 s a curve diagram showing the «.lutmmug-
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" thig FIG. 2, an envelope covering the generated waves
tromagnetle wave uscillating property of sald Doppler

denoten the widil of u Fuoreacent light used for gensia

- thon of waves and lateral line 18 connecting the individ-

ual waves shows the  reshold  value (half width)
thereof. Namiely, the. Teglon above said lateral line 1.

represents the actual gain of luser beams while the re-
plon below shows lows occutiing i w laser fesonator,

- With the frequency of un electromagnetic ‘wave gener-

netle wave onsilleiing propenty f the Nulmsumwtl of

FIG. 9.

- The following describes the technical concept of this
mvention by reference to FIGS. 1 to 3. There is pro-
vided a laser generator 1 for generating coherent elee-
tromagnetic waves with a single longitudinal mode, or
TEMoos mode. The fact that o plurality of cohierent
electromagnetic waves having different frequencies are
included in a laser beamy generated by a laser gencrator
of & single longitudinal mode is shown in “B. Single-

Mode Oscillator”, Journal of Applied Physics, Velume .

1Y)

35, No. 10, October 1964, P 2874. The frequencies of 20

the generated waves are shown as Wn » mmc/L or Wn
= mmuc/L. Output from the generator 1 is directed to a
moving object 3 through a transmitting antenna system
2. Reflected waves returning from the moving body 3
are received by a receiving antenna system 4. To the
output terminal of the receiving antenna system 4 is
connected a first mixer 6 through a filter § for eliminat-
ing background noises. The output terminal of the
mixer 6 is connected to'a third mixer 8 so as to cause
signals from said mixer 6 to be mixed in said third mixer
8 with signals from a second mixer 7 to which the gen-
erating waves from the laser 1 are supplied. To the out-

ated nonr the center of the laser 1erinfor represented
by vo and the tongiudioal mede theicot by T8My,.-
then there dre generated, as indicated, waves havmg
I"n.quuxuw of ve X fo, v 2y . . . ¥y x mf, with modes
“«Mmu 2 TEMgg ... lLMwu + :

- It'is known that where there occurs in a laser genera-
tor stutic loss or dynumic loss verying with time, then
there appears a phenomenon of a self mode lock or dy-
namic mode lock. At this time the aforemenuoned
modes lLMwn [LM«xl L Y TbM«xn 29 TEMoy
+ = are locked with each other. As a result, the differ-
ences or intervals f, between two adjacent frequ:ncnes
are ull mude to have the sume phwu. ‘That is, all inter-

“vals f, expxessed as

25

-30

put terminal of the third mixer 8 is connected a fre-

quency counter 9 to constitute a laser Doppler radar.

- 35

" A coherent electromagnetic wave generator or laser
1 of the Doppler radar of this invention generates elec-

tromagnetic waves of different frequencies consists of),
for example, a single longitudinal mode ruby laser, for
generating” visible coherent electromagnetic waves,

which is mode locked to the single longitudinal mode

or TEM g, mode. There can be used any type of laser

.prcssed aq

fo-[l'oi(nﬂlfa]—[vo = nfy ]

have the same phase, this being known asa phase lock
phenomenon. For the mode-lock phenomenon, refer to
“Mode Locking of Lasers” by Perter. W. Smith set
forth in the Proceedings of the IEEE, Vol. 58, No. 9,
PP. 1,312 to 1,357, Sept., 1970. .

The Doppler radar of this invention uses electromag-
netic waves generated with the TEMg, mode and all
the aforesaid frequencxes whxch may be collecuvely ex-

> An cos 2m(vo + nfe)t

whcre An represents the amplitude of the electromag-
netic wave of the n order.

These elcctromagnetxc waves are  transmitted
through the transmitting antenna system 2 to an object
3 moving at a relative speed of Vcos8 with respect to

- an observing apparatus 10, and the reflected waves

generator, provided it is so designed as to generate only

the TEMoon single longitudinal cavity-mode without
issuing transverse modes. It does not matter whether
said generator produces ultraviolet, extreme infrared,
submilli, milli or microwaves. At this point, there is
taken as an example, for convenience @ ruby laser for

generating waves with the TEMgos mode. With a golid

laser, a fluorescent light assisting the generation ‘of

4

L

subjected to the Doppler shift are observed by said ap-
paratus 10. Said reflected waves present, due to the
Doppler shift, the varied frequencies which may be col-

» lccuvely expressed as

50

laser beams has a broad light-width of several hundred
GHz. In the case of the ruby laser, said fluorescent light

has a width of about 300 GHz. If there are generated -

waves only with the TEMgon mode by a laser resonator
of length L having a fluorescent light - width W, then
thére are obtained a 2m + | nufriber of waves having
a frequency interval of fy = ¢/2nl. (where ¢ denotes
light speed (3 X 10'® m/sec), and n the refractive index
of the ruby (= 1.7). Where a natural number m is ex-
pressed by the equation m nLW/c and L is taken to
be about 60 mm, then the frequency difference, namely

33

y= 2 nAn cos {Zw(uo-i-nf.)( -—2—:1 c§s 9) 1}

Bm -
S

2
The resulting pattern of the Doppler-shifted reflected
waves is presented in FIG. 3, the solid lines denoting
the frequencies of the transmitted waves and the dotted
lines 12 denoting the frequencies of said reflected
waves. The reflecied waves are received by the receiv-

" ing antenna system 4 and then conducted through the

€0

f», between the frequencies of generated waves of ruby -

~laser beams will .amount to about 1,500 MHz. When
° the width of 300 GHz is divided by the interval f;.of
1,500 MHz there are obtained about 200 electromag-
ncm waves whose frequencies are dxsplaccd about

500 MHz from each othet, 23 nllustm.ed in FIG. 1. In:

65

filter §'to a square detector or the first mixer 6. Said de-
tector 6 generates due to its property of conducting
square multiplication clectromagnetnc waves propor-
tionate to

w SR L}

DI

b=t ko -
' '+'A,,‘co's {2#(:@ + kfs) (l —3::’ cos 0) ;}]’ ‘
From Equation (3), above, is developed '

[A. cos {21r(vo+ ife) ( —%/cos B)l]

:(3)'




o 74 con {zwm + Jf,) ( . g(gs_/ e a) ‘ }a ,.

+ 2 n‘Aﬁ wn {2W(W+kfb) (I—-*-—(.ub 6)' }
fa- n

4 S: z vp”rhd;. wu {2n(
l--llk--u .

+ 3

Cobremphew o
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handa sround f, then the electromagnetic waves de-
rived from Hquaton (6) sbove will only have @ {re-
qucncy expressed as :

| 2mpmPAtos 2ufy( 1-2V/e cos )t
' ' M

2(': U“h (‘) '(2!‘41"‘ (¢ { ‘)fﬁ)} S \\»

P W‘AV'A'.CUS {Zn'(l ézzkcc;sﬂ)l(i—f-k‘)fp} ’ (4)

The clcctxomagnetlc waves reprewnuzd by the first,. 15 whcn said electromagnetic waves sre mixed in the third

sccond and third terms of Equation (4) above include
 the basic hngh frequcncy vo of the trapsmission electro-
; imagneuc waves, but those represented by the fourth
~ term do not contain said high fn.quc.ncy ve. Numely, if

 the aforesaid square detector or first mixer 6 is so set 20

asto respond at a speed of less than 1/2mf, second, said
means only produces a component of Doppler shifted

_cleciromagnetic waves corresponding to the fourth-
tcrm, which may be expressed as ,

Cle-m ko -

TS pn*AAgcos{sz.(l—-gzcosO) (i— k)}

, )
Copm convcmon cfﬁclcncy of lh«s dctector or mixer |
- The followings are concrete examples. Where v,

rcprcsentcd infrared laser signals whose wave length

~upproached 1 . 8 photomultiplicr having a photoelec-
“tric sensitivity curve §-1 failed, when used as a detector 3§
~ of the moving object 3 to the observing apparatus 10.

*6, to produce outputs conespondmg to the terms other

- than the fourth term. The curie S-1 represents the spec-

tral response of Sb-Ce photo-emissive surface. In con-

“trast, where the aforesaid square detector or first mixer

mixer 8 with separately preset electromagnetic waves
9r output having a frequency of
» Bcos (k21rf,H£”) o

~(8)

which has been supplied by the laser 1 through the sec-
ond mixer 7, then there are obtained signals whxch may

“be expressed as

me”A’Bcos(ZWfo‘(ZV/c)cos 0+¢)
Lo (9)
where: , e
v = the efficicncy of the third mixer 8
In this equation 9, the term “mem‘AaB” denotes an
amplitude of the output signal of mixer 8 and the term

“2mf(2V/c)cos 8” includes the frequency information
of the' Doppler effect for determining the relative speed

The frequency component of the latter term xs obtamed
by dividing it by the term “2m”.
When said signals of equation 9 are supplied to the

-6 consisted of dielectric crystals such as LiNbO; or 40 frequency counter 9 and the frequency 2Vfycos 0 /¢ .

"KDP, there was detected a component of electromag-
‘netic waves represented by the third term whose wave
length approached 5,000 A, that is, the region of light
“wave length. In other words, the selective detection of

clectromagnetic wave components corresponding to 43

each term of Equation (4) is made possible depending -
on the frcquency respondmg spccd of thc square detec-
“tor or first mixer 6.
“ The following describes the mcthod of determining
from Equation (5) above the relative speed Vcos 74 of
“moving object 3 to the observing apparatus 10, the ob-
jCCt for whxch the Dopplcr radar is primarily mwnded

* With the average values of A and Ay represcmed by 55

A, Equation (S) above may be apprommatcly ex-
prcsscd as ;

n 2y Vi
pTAd cos {21rfl( ‘—-.-—cosﬂ) (i-—-k),} (6)

4-2 W kgu n, * ,c
Equation (6) above may be.. developed mto
2m(2m+! ) terms. Those of said terms which satisfy
the rclanonshxp of (i—k)=1 are present in a number of
2m. This relationship denotes the mutual interference

of the adjacent reflected waves indicated in dotted lines g

in FIG. 3. If the square detector or first mixer 6 is made
to respond to frequency bands around fi or there is dis-
posed before said means the filter § which only allows
the passage of electromagnetic waves having frequency

of the electromagnetic waves represemed by Formula
(9) above is determined, then there is obtained the rel-

- ative speed of the moving ObjCCE 3 to the observmg ap-
‘paratus 10.

The aforementioned laser Doppler ra.dar of this in-
vention has the followmg advamggcs over the prior ast
device.

i, Flucluanon in the frcquency of generated laser
‘waves can be completely ignored, ‘muking it unncesuury
to provide a laser frequency stabilizer. Variations in the
frequency of waves generated by the conventional laser

.genetamr generally indicate several to scores of MHz
“in the visible range of frequency. With the Doppler

radar system of this invention, however, the most im-
‘portant factor is not the absolute stability of light fre--
quency, but the stability of the frequency of adjacent

light wave groups of a plurality of groups of light waves

counted as 2m+1. Therefore, even if there occur fluc-
tuations in the frequencies vo—mfy, ve—{m— l)f.. i Vg
¥ o, - . - votmf, of light wave groups shown in F IG.

"2, it will not affect determination at all, provided f,

maintains a fixed value. :

To keep f, at a fixed level, it is only necessary to de-
fine the wave length with which the laser resonator is
desired to resonate. Then frequency control can be eas-
ily effected to an extent of about 107* /ms, thereby ele-
vating the precision of fy to over 1077 /sec. If, therefore,
there is used & generator for generating laser beams
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having the same frequency as Jous 8 local aeneramr ca-
puble of maintuining the precision of fy ut u level of
more than 1077 /sec and output from said generator

with clectromugnetic waves represonted by Formule
(7), then there will be obtained clccUomugnclu. wWaYCH
indicated by Formula (9).

2, It is possible 1o overlook varlations In the fro-
quency of electromagnetic waves transmitted or re-
ceived which result from disturbuance by air or othor
media while they travel thiough the intervening space.

The Doppler radar of this invention performs the
sume function s that of u trunsmission wave and ¢ lo-
cally oscillated wave which are made to travel simulta-
neously through the space. Therefore, the effect of fre-
yuencey virlutions resulting from duuul bance hy e
media can be offset. P

3. There is no need to provide a amgle frcquency
wave generator.. N

The prior art laser Doppler radar requires an extra
device to convert the electromagnetic waves gencrated”
by a laser generator 10 a single frequency signal. Fur-
ther conversion to such single frequency signal resulted
in decreased output, limiting the extent of detection by

the radar. In contrast, this invention eliminates the ne-

cessity of using single frequency signal, permitting ob-

servation over a-long distance due to its large output.’

4. Signal-noise ratio can be increased. Unlike the
conventional single frequency Doppler radar, this in-
vention is operated by a plurality of simultaneously
generated frequencies allowing a large signal-noise
ratio to be used.

S. Pulses can be used.

Where transmission laser light or coherem electro-
magnetic waves are of single pulses, there is generally
required locally oscillated laser light having substan-
tially the same frequency as that of transmission waves
or a coherent electromagnetic wave generator. Or it is
necessary to separate part of the transmission: laser
light and delay said part by a length of time required for
reflected waves to return to an observing apparatus,
using an optical delay circuit, and to mix said separated
portion with the arriving reflected waves. If the pulses
have a narrow width, this is cxtrcmely difficult. Since,
however the Doppler radar of this invention adopts a

method of utilizing the adjacent frequencies of trans- .

mission laser beams instead of locally generating them,

3,825,341
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8
tmnmﬁ delayed mgnals by -an urdmary dciuy cwcuu
When, therofore, the waves denoted by Formula (10)
are conducted to a delay circuit to be dt.laycd by a
length of time required for reflected waves to roturn to -
an obscrving - apparatug and mixed with the waves |
represented by Formula (7). then there are obtained
the destied waves having u frequency indicated by For-

-mula (9), making it possible to determine the relative

specd of W maving object to an observing wpparatus;

8. Second process using a second clc:cl.mmugnctic
wave generator for local generation.

‘This process consists of controlling the wave h,ng(h
with which the resonator of the laser gencrator is de-
sired to resonate. B s igcncm“y very casy (o control
sund wave length to 107 /se¢. Thesclore, within g time
interval of 100 microseconds at most between the emis-
sion and reception of transmitting laser beams, said

' wave length can be very easily, controlled with a preci-

30
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sion 'of more than 107 /msec. If, therefore, the second
0 electromagnetic wave generator for local generation
consists of a type capable of controlling with g preci-
sion of more than 107'° /msec, then the Doppler radar
can be operated in generating pulses without usmg a
delay circuit.

6, Frequencies of laser beams containing information
c;n  be converted to proper frequencies such as f., 20
3

The forcgomg description relates, for sake of bnef
ness, to the case of (i—k)=1, namely, where there was
only discussed a conversion frequency f, in deriving
Formula (7) from Formula (6) by pertinent selsction
of the response speed of the mixers and the type of fil-
ter. However, the aforesaid frequencies of laser beams
containing information can be converted to.convenient
frequencies for a local generator or treatment of infor-

- mation, that is, to chogse the value of (—k) to be 2,

43

there is no need for an extra laser generator of coherent

electromagnetic wave generator for local generation. It
will be noted that locally generated electromagnetic
waves represcntcd by Formula (8) to be mixed in the
second mixer in obtaining signals denoted by Formula
(9) may be pmduced by enher of the following two
processes:

A. First process ehmmaung the use of an optical
delay circuit or second electromagneuc wave generator
for local emission:

This process consists of separating part of transmis-
sion laser light or coherent electromagnetic waves as
described above and directly conducting said part to a
square detector, thereby obtaining sxgnals expressed as

2maA’cos 2ufy
‘ (10)

(where o denotes efficiency and rate of wave division)
in the same way as is used in deriving Formula (7).
Since the resulting waves expressed by the term (10)
are no longer electromagnetic waves having as high a
frcqucncy &s that of light waves, there can be easily ob-

30
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or 4.

7. The prior an Doppler radar usmg vxsnble laser
beams has to handle elevated frequencies, requiring ad-
vanced instrucments and techniques in processing in-
formation. However, the Doppler radar system of this
invention reduces the frequencies of laser beams con-
taining information to lower levels in advance, thus
permitting easy treatment of information. B

The foregoing description relates to the case where
this invention was used with a ruby laser, but it will be
apparent that the invention is applicable to solid lasers
such as YAG laser, glass laser and CaWO, leser, gas
laser such a He-Ne type, an ion laser, COq laser, infra-
red laser and semiconductor laser, as well as to a far in-
frared laser, submillimeter wave laser, and equipment
using other frequency regions of electromagnetic
waves, such as millimeter waves, mncrowaves, ultravio-
let rays and X-rays.

This invention will be understood more fully by refer-
ence to the embodiments which follow.
EMBODIMENT 1

FIG. 4 rejates to the case when this invention is used
with a ruby laser including a resonator 60 mm long. In
the case of a 60 mm long resonator, a 6,943 A laser 21,
operating with a single longitudinal mode, mode OOn),
generates more than one hundred laser each having &

- frequency interval of about 1,500 MHz. Provided the

K1

resonator has a prescribed length and the frequency in-
terval f, betweep the respective laser beams is fixed, oc-
currence of frequency variations in the laser beams as

*‘g'whole would not raise any problem. Portions of these

laser beams are mixed in a photodiode 27, such as a
PIN silicon diode and silicon avalanche photodiode. to
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determing the heat frequency fi (= 1,500 MHz). On
the other hand, there are projected laser bewnm
through a transmission telescope 22 o an object 3 fly-
iy ot 8 opeed V b a dissciion whis b dellned, as viewe)
from the observing apparatus, an angle  with the direc-
tion of wansmbiting lwer beams. Reflected beams from
said flying object 3 are recelved by a light recelving op

tieal ayatem conalsting of a light-recciving telescope 24

“and an optical liss 28 ul!uwh}ﬁ the pasenge of ouly

light beams having a wave length of 6,943 A, The 1e
flecied waves thus received are guided into a crogsfield
electrostatie type photomultiplics 26, The reflected
waves are mixed in said photomultiplier 26, which has
8 property of square-luw detection. Since the reflected
waves have already been subjected to the Doppler shift;
the beat between them is different from the aforesaid

g -

Sy (= 1,500 MHz) and contains the Doppler-shified
portion represented by Formula (7). When there are
mixed in & 1,500 MHz mixer 28 part of the original
laser beams having a frequency interval f, which was
iniroduced through the photodiode 27 from the ruby
laser 21 and laser beams representing the beat between
the reflected beams, there are obtained electromag-
netic waves having a frequency of [2Vcos /c X 1,500]
MHz. Said electromagnetic waves are read out by a dig-
ital frequency counter 29, if necessary, after being

- properly amplified, for example, by a travelling wave

tube 30. A radar constructed as described above does
not present errors of determination even without using
‘2 resonator length control device, provided the respna-
tor only slightly varies in length to an extent of less than
several hundred Hz.
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