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The term, "optical radar," seems at 
first to be a misnomer, since 
" radar" (radio detection and 
ranging systems) was coined to 
describe systems using radio fre
quency or microwave radiation. In 
truth, however, if we allow the ra 
to stand for electromagnetic radia
tion, we would note that the first 
radar experiment was carried out in 
1849. In that year Fizeau, using a 
light beam passing through a 
cogged wheel, measured the time 
delay over an 8.6-km path by 
reflecting the beam off a mirror at 
the end of the path and adjusting 
the wheel speed to obtain max
imum transmission of the return 
beam through the adjacent cogged 
opening. Actually, Fizeau was 
measuring not range but the veloci-
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ty of light, which he determined to 
within five per cent of the currently 
accepted value. In any event, this is 
still the earliest recorded experi
ment using pulsed electromagnetic 
radiation to measure the time delay 
over an extended distance. Despite 
these early beginnings, the use of 
light for range measurements has 
been limited. One of the few ap
plications that comes to mind is the 
measurement of cloud heights by 
using a pulsed flashlamp. A l l of 
which brings us to the key word in 
our title, "coherent." 

Obviously, coherent optical radar 
refers to lasers, but what is the true 
significance to radar operation of 
this coherent nature of laser radia
tion? The answer is twofold, and it 
involves two distinct kinds of co-



28 OPTICS NEWS/Summer 1977 

herence, spatial and temporal. It is 
the spatial coherence of the laser 
that first made optical radar an at
tractive range-measuring device. 
The reason, by analogy to the 
microwave case, is the high "anten
na gain" available from a near-
diffraction-limited optical wave. Put 
another way, the laser radiation is 
limited to a small number of 
spatial modes of the electro
magnetic field, whereas incoherent 
or thermal radiation occupies all 
available modes, as we learned in 
the derivation of Planck's radiation 
law. As a result, coherent optical 
energy can be collimated into a 
beam of diameter d, whose angular 
spread in the far field may be as 
small as λ/d. In contrast, the 
energy in a diffraction-limited 
beam from a thermal source is 
roughly the energy emitted from an 
area, λ2, of the hot radiating 
medium. The result of this extreme 
brightness is the feasibility of op
tical ranging on satellites and on 
corner reflectors placed on the 
moon.1 

We now consider the second type 
of coherence, temporal. Spatial 
coherence is measured in terms of 
the approach to diffraction-limited 
behavior; temporal coherence is 
measured in terms of the coherence 
time or its inverse, the spectral 
linewidth. Most solid lasers have 
relatively short coherence times, on 
the order of nanoseconds or less, 
since many different frequency 
modes of the laser cavity are ex
cited because of the broad spectral 
bandwidth of the laser transition. 
These frequency modes usually 
satisfy the resonance criterion of an 
integral number of half wave
lengths over the cavity length, and 
they may supply energy to the same 
spatial mode. Single-frequency op
eration is either impossible or ex
tremely low in efficiency. The 
broad frequency distribution of the 
modes can be used to advantage, 
however, if the modes are " locked." 
In this technique, either internal 
nonlinear effects or external mod
ulation at the mode-separation fre
quency (the spectral-free range) of 

Figure 1. Block diagram of laser radar system. Solid lines are electrical paths; wavy lines, 
optical. 

the cavity causes a coupling of the 
modes such that the electric field in 
all modes adds up coherently at 
one point in time and space. The 
resultant power output is a series of 
extremely narrow pulses of length 
equal to the reciprocal of the spec
tral bandwidth. Pulse lengths in the 
picosecond range, equivalent to a 
fraction of a millimeter, have been 
generated in this manner.2 

The multifrequency behavior still 
limits the detection system to a 
measurement of the return energy, 
not the amplitude and phase of the 
reflected wave, as in microwave 
radar systems. This ability to detect 
"coherently," that is, to measure 
amplitude and phase, is essential 
for measurement of target velocity 
by the Doppler effect and also 
yields orders-of-magnitude improve
ment in sensitivity in the infrared, 
where simple "photon counters" or 
incoherent detectors are not only 
inefficient but also suffer from 
solar scatter and thermal-back
ground energy interfering with the 
desired signal. Fortunately, the car
bon dioxide laser, operating at a 
wavelength of 10.6 µm, has ample 
power output for radar use and 
also may be operated at a single 
very stable frequency. In addition, 
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highly efficient broadband detec
tors3 are available for coherent 
detection of the return signal. In 
fact, this paper is devoted to a 
discussion of such a coherent radar, 
where we use the term to indicate 
that the amplitude and phase of 
the return wave are measured by 
the detection system. 

The coherent detection technique, 
also called heterodyne detection, is 
based on the beat frequency ob
tained between an optical local 
oscillator and the signal, both of 
which strike the detector. Photo-
detectors in general produce an 
output current (or voltage) propor
tional to the incident optical power. 
The detector current, id, is thus 
given by 

where E is the optical electrical 
field. In incoherent detection, the 
detected current from the signal 
competes with the "shot" noise 
associated with the photon-counting 
process as well as with noise gen
erated in the following amplifier 
stages. In coherent detection, the 
current is again proportional to the 
square of the electrical field, but in 
this case we may write 

where Es and E o are the signal 
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Figure 2. Stable C O 2 laser oscillator. Granite end plates and shielded super-invar spacer rods 
yield excellent stability. The spherical gas reservoir allows sealed-off operation for several 
months. 

and local oscillator fields. Now Elo 

is much greater than Es, so 
that the important terms are Elo

2, 
which produces a dc current plus a 
current fluctuating at twice the 
local-oscillator frequency, and 
2 E l o E S , which is a current at the 
intermediate or difference frequen
cy plus a current at the sum of the 
signal and local-oscillator frequen
cies. The two currents at the optical 
frequencies may be ignored; the dc 
term from E lo

2 is the limiting 
shot-noise source, and the in
termediate frequency term is an ex
act replica in amplitude and phase 
of the signal wave but displaced in 
frequency to the rf part of the spec
trum. Since the intermediate fre
quency current is proportional to 
the local oscillator field, the local-
oscillator power may be raised to a 
level such that noise in the follow
ing amplifier stages is negligible 
compared to the fundamental shot-
noise produced by the local oscil
lator. The output signal-to-noise 
power is given by Psig/hvB, where 
B is the spectral bandwidth of the 
optical signal and, by the heter
odyne process, the rf bandwidth of 
the intermediate frequency output 
power. A detailed analysis4 shows 
that such a coherent detection 
system also couples to only one 
spatial mode of the electromagnetic 
field. Put another way, the receiver 

beamwidth with an aperture of di
ameter d is approximately λ/d. 

THE RADAR SYSTEM 
The carbon dioxide laser radar sys
tem we shall describe combines mod
ern laser and detector technology 
with astronomical concepts, some 
dating back to previous centuries. 
Figure 1 is a schematic dia
gram showing the major compo
nents of the system. The master 
and local oscillators are the key to 
coherent operation of the system, 
since they are highly stable, single-
frequency lasers5 of the type shown 
in Fig. 2. The two oscillators are 
offset in frequency by 10 M H z , the 
local oscillator used as a reference 
standard, and the master oscillator 
slaved by a frequency-discriminator 
servo loop, which drives a piezo
electric cavity tuner in the laser. 
The local oscillator best serves as 
the stable reference, since its re
quired output power, less than a 
watt, permits a compact laser 
design, while backscatter from the 
detector system, which can cause 
frequency pulling, is minimal. In 
contrast, the master oscillator must 
supply 10 W to the amplifier, thus 
necessitating a larger and more 
vibration-sensitive structure; 
backscatter from the active ampli
fier could cause serious frequency 
shifting if the laser were not exter

nally stabilized. Since the output 
frequency from the detector is the 
difference between the signal and 
the local-oscillator frequencies, the 
10-MHz offset is convenient for 
observing stationary targets for 
calibration purposes. The detector 
sensitivity, 10-19 W / H z , is within a 
factor of 5 of the theoretical value, 
hv. This means that, for a 1-msec 
pulse, requiring a 1-kHz band
width, the minimum detectable 
power is 10-16 W. An incoherent 
detector at this wavelength, 
measuring only the pulse envelope, 
would require 100 times as much 
power for the same output signal-
to-noise ratio. This marked ad
vantage of the coherent detector 
results from the internal conversion 
gain discussed previously. Only at 
wavelengths of 1 µm or shorter are 
equivalent internal detector gains 
available by using either photo-
multipliers or avalanche photo-
diodes. 

Figure 3 is a cutaway view of the 
radar system showing the stable 
oscillators in acoustically shielded 
boxes with the 1-kW amplifier in 
the background. This latter device 
is a low-pressure flowing gas laser 
which amplifies continuously, rais
ing the master oscillator power 
from 10 W to powers from 100 to 
1000 W.6 The duplexer, in the cir
cular housing just at the output of 
the amplifier, is somewhat akin to 
Fizeau's cogged wheel in that it is a 
slotted rotating disk, which trans
mits the laser beam 25 per cent of 
the time, and the remainder of the 
time reflects the signal onto the 
detector. Before striking the detec
tor, the received wave is reflected 
from a computer-controlled mirror, 
designated the aberration corrector. 
When one observes satellites with 
this system, the velocity of the 
target is such that the transmit 
beam must lead in angle by an 
amount v/c, and, on reception, the 
viewing path must lag by another 
increment v/c, where v is the veloci
ty normal to the line of sight. Thus, 
if the radar system has been bore-
sighted on a stationary target, the 
aberration corrector must cause the 
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Figure 3. Cutaway view of radar system. The afocal telescope has a 1.2-m primary and 15-cm secondary. 

receive path to deviate by 2 v/c to 
mainta in boresight on a moving ob
ject. In the case of a satell ite, 2 v / c 
has a value of approximately 50 
µrad at the point of closest ap
proach. Since the t ransmit ter-
receiver half-power beamwidth is 10 
µrad for the 1.2-m-aperture 
telescope, the aberrat ion correct ion 
is essential for most satellite obser
vations. It is interesting that this 
aberration effect was used in 1725 
by Bradley in an early measure
ment of the velocity o f l ight before 
Fizeau's work. In Bradley 's case, 
the observer (the earth in its orbit) 
was moving wi th respect to the sta
tionary stellar source. 

SOME EXPERIMENTAL 
RESULTS 
O u r radar system has been used to 
make observations on GEOS-III, a 
NASA geodetic satellite equipped 
with a sol id-cube corner retroreflec¬
tor fabricated f rom Ir tran II. T h i s 
point source has been used to de

termine the t rack ing capabi l i ty o f 
the radar as wel l as the frequency 
stabi l i ty o f the lasers and the 
associated velocity, or Dopp ler¬
measur ing precis ion. Fo r precis ion 
t rack ing, error signals f rom the 
quad detector indicated in F ig . 3 
are used to dr ive the vernier mi r ro r 
shown at the telescope elevation 
axis. The ma in mount is dr iven by 
a computer-smoothed input f rom a 
local microwave radar , wh ich has 
an angular f luctuat ion o f the order 
of 50 µrad or 5 opt ica l beamwidths. 
Us ing the error-sensing technique 
in F i g . 4. one can reduce the 
angular f luctuat ion or t rack ing 
precision to approx imate ly 1 µ rad , 
or one tenth the beamwid th . 7 T h e 
target-return beam pattern is 
shown distorted to represent the ef
fects of the atmosphere, the dom i 
nant one being wavefront t i l t or 
angle-of-arr ival f luctuat ions. In 
fact, for astronomical " s e e i n g " of 2 
arc sec or 10 µrad , the at
mospher ical ly induced angle f luc

tuations are o f s im i la r magni tude, 
that is, close to a fu l l beamwidth in 
our system. Since the frequency 
content of the angular f luc tuat ion, 
determined by the angular track 
rate and the local w inds, is mostly 
below 10 H z , the detection system 
can track out these slow changes 
and ma in ta in the radar beam on 
the target. A t the same time as this 
precision angle measurement is be
ing made, Dopp ler da ta f rom the 
target can be processed to deter
mine the radia l velocity. Since the 
Dopp le r shift is 2 k H z per cm/sec 
and typical satell i te velocities are 8 
k m / s e c , the frequency shift may be 
over 1000 M H z for low elevation 
angles, wi th the shift passing 
through zero at the closest ap
proach point. T h e output spectra 
for a sequence o f pulses is shown in 
F ig . 5. These data were taken near 
closest approach at a Dopp le r shift 
of 64 M H z , a range of 1006 k m , 
and a pulse length o f 4 msec. By 
orbi t f i t t ing, the ma in frequency 
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Figure 4. Quadrant or monopulse detector array. The circular mercury cadmium telluride 
structure has a diameter of 0.3 mm. 

shift has been removed and the re
s idua l , 8 k H z or 4 cm/sec , is the 
absolute velocity error for the orbi t 
segment observed. It should be 
noted that, at this point in the 
satellite path, the rad ia l velocity is 
changing rapidly and the Dopp ler 
frequency changes at 10 M H z / s e c . 
Thus , du r ing the 4-msec pulse, the 
frequency shifts by 40 k H z . T h i s 
shift is also removed in the data 
processing so that the ind iv idua l 
spectra, which are plotted on a log 
scale, should ideal ly be the trans
form of a square single-frequency 
pulse, or a (sin x/x)2 funct ion, and 
should be fixed in center frequency. 
System and laser osci l lator stabi l 
ities actual ly result in an rms j i t ter 
of about 250 H z and a spectral 
spread roughly twice the theoretical 
value of 500 H z at the first m i n i m a . 

Figure 5. Frequency spectra for several 
received pulses. The vertical scale is 
logarithmic. 

T h i s j i t ter, however, corresponds to 
a velocity precision of 1.25 mm/sec , 
a rather impressive value. It is, in 
fact, interesting to turn the p rob
lem around and use the radar as a 
way of measur ing short-term laser 
stabi l i ty. 8 A l t hough stabi l i t ies may 
be measured by beat ing two lasers 
together, the independence o f the 
ind iv idua l frequency f luctuat ions is 
always in quest ion. U s i n g the ra 
dar , one actual ly observes the beat 
between the reference stable laser 
and itself with an interposed delay 
o f the round-t r ip t ime to the target, 
in our example here, of 6.7 msec. 
The experiments thus establ ish that 
the laser short- term stabi l i ty is of 
the order o f one part in 1 0 " , since 
the osci l lator frequency is 3 x 10 1 3 

H z . 

CONCLUSION 
One topic we have not discussed is 
the ranging capabi l i ty o f our radar, 
wh ich is l imi ted by the long trans
mit ted pulse to precisions of the 
order of hundreds o f k i lometers, 
commensurate wi th the mi l l isecond 
waveform length. A l though we 
might obta in much better range 
measurements wi th a shorter pulse, 
the peak-power l imi t f rom the 
ampl i f ie r , about 10 k W , would 
result in poor sensitivity, since 
coherent radar sensitivity is deter
mined by the energy per pulse. Put 
another way, the shorter the pulse 
at the same power level, the 
broader the required receiver band 
width and the greater the com
pet ing noise. Fortunately, there is a 
convenient way to obta in excellent 

range precis ion wi th a long 
transmitted pulse by tak ing ad
vantage of the coherent nature o f 
the radar. T h i s technique, known 
as " c h i r p " radar , uses a l inear fm 
sweep o f the transmit frequency 
du r ing the pulse. By sui table proc
essing o f the return swept s ignal , 
either in a dispersive network or by 
cross-correlat ion techniques, the 
range may be measured to a t ime 
accuracy roughly equal to the in
verse o f the frequency-sweep 
width. 9 As an example, a 500-
M H z - w i d e ch i rp yields a range 
precis ion o f approximately 30 c m . 
O f course, to obta in such per
formance requires a laser ampl i f ier 
wi th commensurate bandwid th . 
O u r present device is l imi ted to 
about 50 M H z because of the low 
gas pressure. Such devices as the 
waveguide or capi l lary laser 1 0 op
erate at higher pressures, and the 
resultant l ine broadening, 500 M H z 
at 100 To r r , should y ield adequate 
bandwid th for precision ranging. 

Th is work was sponsored by the 
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