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The Role of Blue/Green Laser Systems in Strategic
Submarine Communications
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Abstract—A continuing interest exists in the Department of Defense
to stress technology wherever it may result in the improvement of a
military system. One important area where this is currently occurring
is in laser communications. Specifically, an extensive effort is
underway to exploit the ‘‘Blue/Green’’ transmission window in the
ocean and develop a sirategic laser communication system operating
between an orbiting satellite and a submerged submarine. In this
paper we discuss some of the operational metivations for such a
system together with a generic system design.

INTRODUCTION -

LL organized operations require communications. In

order for disparate parts of an organization to act in con-
cert, direction must be communicated from a central com-
mand. The particular communications of interest in this paper
are those between the National Command Authority (NCA)
and ballistic missile submarines (SSBN’s) at sea. This is a vital
portion of this country’s strategic communications network,
and as such, must always be improved wheneéver thie tech-
nology permits. In this paper we will briefly discuss the status
of current techniques and one of the candidates presently be-
ing studied as a potential future improvement. We will then
perform a first level system analysis of this system to high-
light some of the peculiar problems associated with it and
the emerging design philosophy.

OPERATIONAL CONSIDERATIONS

The primary objectives of the commuiications system be-
tween NCA and the SSBN’s is to deliver the messages of re-
quired length without compromising the position of the
SSBN’s. The SSBN’s at sea are the most survivable leg of the
nations’s nuclear deterrent triad. (The other two legs of the
triad are the land-based ballistic missiles and the air-breathing
bombers and, in the future, cruise missiles.) The primary ob-
jective of the SSBN on patrol is to remain undetected, thus as-
suring its survivaibility. It is also required to receive communi-
cations signals at all times, a requirement with constraints at
variance with the objective or remaining undetected.

The normal means of communicating with SSNB’s is
through VLF radio which sends encrypted teletype. There are
large shore transmitters on each coast of the United States for
this purpose. In addition, signals are sometimes sent from
dirplanes. ,

Since VLF electromagnetic radiation is attenuated rapidly
by seawater, the submarine’s receiving antenna must be quite
near the surface. There are two types of antennas in general
use today: the buoyant or floating wire and the loop. The loop
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may be carried on a retractible mast in the submarine’s sail or
it may be towed behind the submarine on a cable which also
carries the received signal down to the submarine.

There must be about 100 m of floating wire at the surface;
therefore, the deeper a submarine wishes to be, the more wire
must be streamed. Also, if a submarine has a given length of
wire streamed to maintain 100 m on the surface, an increase
in speed must be accompanied by.a decrease in depth or an
increase in amount of wire streamed in order to maintain 100
m on the surface. In addition to the speed and depth restric-
tions on the submarine which are necessary to keep an ade-
quate amount of the wire on the surface, the wire must be
lined up with the (great ciicle) azimuth to the transmitting
station. To the extent that the submarine’s course does not
coincide with this azimuth or its reciprocal, more wire must be
kept on the surface to provide the required projected length.
And, of course, more wire on the surface means more wire
streamed or a shallower submarine depth or a slower sub-
marine speed. 4

Use of the mast-mounted loop anténna requires the sub-
marine to be very near the surface. With the mast exterided
and the loop just below the surface, the submarine is vulner-
able to collisions with surface ships, and is severely limited in
allowable speed. (Excéeding the speed limit causes the mast to
bend.) Course is not réstricted because the antenna is a pair of
crossed loops, and the combination can be electronically
steered. With the towed buoy, the submarine is least limited
in depth, and course is still unrestricted. A similar speed limit
applies, however, to avoid exceeding the breaking strength of
the tow cable, and to allow the buoy to remain just under the
surface.

In summary, use of VLF radio to communicate with the
submarine imposes operational restrictions on speed, depth,
and course. In addition, while enemy surveillance systems do
not now pose any threat to the survivability of U.S. SSBN’s
becduse of the presence of an antenna at or near the surface,
prudence dictates that efforts be made to reduce observables
as much as possible.

The ideal communications system would allow receipt of
messages by a submarine at any depth or speed on any course.
In addition, it should not be necessary to have an antenna
which extends beyond the normal streamlined envelope of the
submarine. Finally, or perhaps primarily, the system should be
able to deliver a message of the required length in the alloted
time. '

An attractive alternative to RF communication is optical
communications. Blue light (about 625 THz) penetrates water
better than any other frequency electromagnetic radiation ex-
cept for frequencies below 10 Hz. With sufficient power den-
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sity on the surface, information can be detected by a receiver
at any depth.

The conceptual system consists of a light source in space,
projecting pulsed optical power onto the ocean surface in a
spot of a specified area, typically as much as tens to thousands
of kilometers in diameter. To reach the submerged receiver,
the light must travel through the transmission channel consit-
ing of space, the atmosphere (including clear air and clouds),
and water, The detector with a large area is mounted on the
top of the submarine sail, and has a narrow bandpass filter.
The acceptance angle or field of view should be large enough
to capture most of the energy in the down-welling beam.

The operational requirements for our conceptual system are
to send a message of a specified length to every receiver in a
specified area within a specified time. This is done by position-
ing the spot of light successively at new positions until the en-
tire area has been covered.

Some qualitative tradeoffs in system performance are im-
mediately suggested. For given channel and receiver character-
istics, reducing the spot size increases the depth that can be
reached at the expense of increasing the length of time re-
quired to cover the area. Increased energy per pulse can be
used either to increase the depth reached or, by increasing the
spot size, to reduce the time required to cover the area.

The transmission channel is significantly different from the
typical RF or microwave channel because there are significant
variations in it over short periods of time and over short dis-
tances. For example, there may be a region where clouds are
present over the eastern half, but the sky is clear over the west-
ern half. Variations in water diffuse attenuation coefficient by
as much as a factor of three are not uncommon. This variation
is responded to by adjusting the spot size adaptively to main-
tain constant the depth at which the minimum acceptable sig-
nal-to-noise ratio is reached.

Clearly, there will be some channel conditions for which
the desired depth cannot be reached or, alternatively, for
which the entire area cannot be covered in the allotted time.
In such cases, either the system is unavailable or further depth
restriction must be placed on the submarine.

SYSTEM CONSIDERATION

It is clear from the previous discussion that a compromise
must be made between the availability of the system and its
operational capabilities. Thus, as we attempt to operate at
greater depths and cover more area per unit time, less margin
remains to combat those deleterious channel effects which
have attendant large losses. Consequently, as a design philo-
sophy, we attempt to generate as much system margin as
possible so that provision can be made for such compromise.

This motivates the need to build -as sensitive a receiver as
possible, which includes large collecting areas A, proper filters,
and optimized signal design.

Experiments have shown that light from a point source,
after passing through a few scattering lengths in water, will
subtend a solid angle to the receiver (§2¢oy) of approximately
1 sr about the zenith [1]. This has two implications. First,
it will be difficult to spatially discriminate between the source
and the sun since both will appear at the same location. Conse-
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quently, frequency filtering will be very important, but will be
aggravated,by the large field of view required. (Efforts are cur-
rently underway to develop narrow-band, wide field of view
filters.) Second, we see that a field of view of 1 sr implies a
spatially incoherent signal [2] ((4/A%) spatial degrees of
freedom) so that we can only seriously consider a noncoherent
communication system. Such systems have been studied in
great detail [2], [3].

A further complication to the design problem results from
the need to penetrate clouds. Although clouds have low ab-
sorption losses, the high degree of multipath scattering causes
pulse- stretching on the order of tens to hundreds of micro-
seconds, thereby limiting the coherence bandwidth to 10-
100 kHz. (The Doppler spread is also of the same order.) The
natural signaling element would therefore be a pulse 10-100 us
in duration AT, with an optical bandwidth B of 10-100 kHz
satisfying ATB ~ 1. This would then define a degree of free-
dom to which we could assign the equipartition energy [2]

hf

NN = oy~ Nob

T —1

M

[

where N(f) is the spectral radiance. At B-G frequencies f =
6 X 10'* Hz, the sun temperature T = 6000 K and (1) yields

Nop =334 X 1072,

@
If B, is the system bandwidth and P is the pulse rate, then
B, 1
M=—+ — 3)
B PAT

is the alphabet size and R = P log, M is the data rate. The sys-
tem would operate by transmitting P pulses per second, with
each pulse located in one of (1/PAT) time slots AT seconds
wide and one of Bg/B frequency bins B cycles wide.

In the foreseeable future, it will not be possible to con-
struct multiple frequency bins nor can we realistically cosider
optical filters with less than 10° Hz bandwidths. Thus, we
must constrain our alphabet size to M = (1/PAT) and accept
an increased noise energy of N, ,(B;AT) where B,AT = 10* —
106 Finally, we must multiply the noise by the number of
spatial degrees of freedom Qoy4/A2.

We take E to be the energy in an optical pulse and 7 to be
the detector quantum efficiency. We further define

nELL’
Ky=—nrt
hf

n " A Ui
K, = ;}7 Nop(BsAT) 2y, 2 L= }ENO‘)ABsAT QoL (4)

where K are the signal photoelectrons produced at the de-
tector, K, are the noise photoelectrons produced, L is the at-
tenuation common to signal and noise, and L' is the additional
attenuation experienced only by the signal. The word error
probability for this M-ary system is determined by Poisson
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statistics [4] and has been computed to be [5]

= | (K, +K,)*
PE=1—E (S—’n)-exp-[—-(Ks+K,,)]
x=1
[55 o] Tarers]
=1 i Ma
1
P [— & +K,)] )
where
K,* .
o ©
x! Z = :
i=1 1

when a maximum likelihood decision is made on the output of
all M time intervals. A representative set of curves is shown in
Fig. 1 for K = 20. Notice that performance is strongly de-
pendent on K,,. This dependence can be quantified in the fol-
lowing manner. First we see that the signal-to-noise ratio of
this system is

S K2

S — N @)
N K;+K,

where we assume that receiver noise can be eliminated. Next
we set M = 2 and plot Py versus K, for various values of S/N
(Fig. 2). Notice the transition from Poisson statistics to Gaus-
sian statistics as the central imit theorem starts to apply. This
transition occurs for K,, ~ 1 and can alter the relationship
between S/N and Pg by several decibels. In addition to the
fact that Pr decreases as K, increases for the same S/N, we
need to increase K to maintain S/N constant.

The signal needed is

Ke= =2 L+ TF I JET)

/ S
X’ K,,: background limited

S

Q

~ —: quantum limited.

®)
As an example, consider the case where X,, = 0.01, and hence
where K = (S/N). If we wish to transmit at 103 bits/s using
70 us slots, we must keep M less than 93 and the pulse rate P
at 1000/log, M. For a word error Pg, the corresponding bit
error is [6] Pg/2 so that a bit error rate of say 10~ requires

a word error no greater than 2 X 1076, From Fig. 1 we see
that this requires Ky = 20 for M =93 or

K, 20
log, M 6.5

= 3.08 photoelectrons/bit. ©)
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values of S/N = K2/(K¢+ K ).

We can also estimate the capacity of this system by recogniz-
ing that this is an M-ary symmetric channel which yields a
capacity of [7)

C=log, M + Pg logy Pe/M—1)

+ (1 —Pg) log, (1 — Pg) bits/symbol (10)
and an information rate H of
C
=—— bits/s. an
MAT

Since C is a function of both K and M, a fixed rate may be
achieved with various combinations. These can be obtained as
the intersection of C(K, K,, M) with HMAT as a function of
M. Since we desire the most sensitive system, we should
choose the combination which minimizes K/C [8]. In Table
I we have tabulated K, M, K/C for H = 10° and AT = 7 X
1073 5. The minimum value of K,/C, 8, is 0.484 when M = 42.
Although this is 8.03 dB lower than our example, Pg is 2.4 X
10~} so that extensive coding would be necessary to achieve
the same performance. In Fig. 3 we plot 8 as a function of
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TABLEI
MINIMIZATION OF THE ENERGY/INFORMATION BIT

Pulse Rate P 100 per Second
Sig\al-tho‘ise % 30 (13 dB)
Transmatter Power Py 1 (0 dBW)
Binary Word I 1(0dB)
ol e
Quantum Efficiency n 1(0dB)
Receive1 Aperture A 1 {0 dB)
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Fig. 3. Theoretical p-efficiency of wide-band PPM systems with

additive noise as a function of «.

a = By/H for different values of K,, {9]. The asymptotic limit
is [9]
1
Basym = _—_—1 . (12)
log{1+—

n

SYSTEM DESIGN

We are now in a position to solve for the available margin
L by equating

K, = ELL'
hf
18 4K,
=—— |1+ /1+
2N [ (S/N)]
15 [1+ \/1 +4nN(f)BsATQfovAL a3
2N (S/Nf

using (4) and (13). We make one simplification by assuming
that the worst case will be on a cloudy day. Then the solar
(or lunar) energy entering the water is diffused, and we can re-
place the spectral radiance by the spectral irradiance W(f)/m
W/M? /um. Recognizing that the pulse energy per bit E = Py/P
where P is the transmitter power, we have

<£>[1 +xﬂ+4nmesAmﬂ,vAL}

In(S/NYf

QvanPsLL’ _ _1_
Infp 2

(14)
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We have included the improvement factor 7 to indicate the in-
crease in bits per symbol achieved by an M-ary alphabet and
S/N is now the signal-to-noise ratio per bit. We have plotted
I in Fig. 4 for Gaussian statistics and Pr = 1075, We also
consider L' as a product of the geometric spread and the
transmitter optics losses L so that

B LIIA

L (15)

1D2
4

where D is the projected spot diameter. Finally, we assume
that the field of view of the signal is 1 sr and signal power is
lost if Q¢ < 1. Thus, the received power is £2¢,y Ps. We con-
sider two conditions.

1) Quantum Limited:

QroynPsLL" A S
T , N
IhfP ZD

(%)

2) Background Limited:

’\/nW(f)BSATQf,, VAL(S/NI
Thf

™
hfPZDzl
(16)
113 n
Pl A4 ZQfov

QpovnPLL"A

hfP T p
4

2 2
PD > TWNRIBSAT/ 0, )S/NT 17

L = "
4P.L n4

In order to have general applicability, we can create a standard
design curve by normalizing. Thus, we assume a standard re-
ceiver to have the attributes in Table II.

We then designate the link loss as —10 log; o L and we use
the following units:

D = spot size in kilometers
T = pulse width in microseconds
B; = optical bandwidth in angstroms.

We then obtain a link loss in decibels as follows.



1606

TABLE IT
PARAMETERS FOR THE STANDARD RECEIVER

K M K/C
08 19 0.593
0.9 23 0.552
1.0 28 0.506
1.2 35 0.494
1.4 42 0.484
1.6 47 0.488
1.8 52 0.496
2.0 55 0.508
5.0 9s 0.792

1) Quantum Limited:

S
—10logyo L =—101o0g;, <X/> —10 logyo P20 logyoD

+10 loglo n + 10 10g10 PS - 10 IOglo I
+ 10 loglo L“ +10 IOglo A

+ 10 logyg 0y + 124, (18)

2) Background Limited (Daytime)—W(f) = 145 X 103
W/um-M?2:

—101logyg L'=—201ogyo P—401logo D — 10 log;q p
— 10 IOglo (S/.N) + 20 loglo Ps_ 10 10g10 I
+20logyo L' + 10 logyo 0

+101logyo A + 139.5. (19)

3) Background Limited (Nighttime)-W(f) = 3 X 1073
W/um-M?:
—101log;o L =—201log o P —40logyo D —101logyo p
— 10 logy (S/N) + 20 log o Py — 10logyo 1
+201log;o L' + 10 logson
+ 10log;o A +199.5 (20)

where we use

ATB,
p= .

'Qfov

The standard curves then divide by day and night conditions
(Figs. 5 and 6). To compute the performance of another sys-
tem, each item would be assessed and a margin computed.

As an example, consider a system requiring a 50 dB margin
for clouds and water. It has the characteristics in Table [I1.

Plotting positive net loss up (and negative net loss down)
and crossing over to the intersection (hatched lines) in Figs. 5
and 6, we see that in daytime, a 37 dB margin intersects the
p = 10 curve at a smaller value of D than where 57 dB inter-
cepts the Q.L. curve. This occurs at D = 8 km and is the zero
margin spot size for the system. Similarly, at night we are
background limited, but at D ~ 200 km. On the other hand, if
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TABLE III
EXAMPLE SYSTEM DESIGN

Margin Relative to Standard

Quantum Background
Limited Limited
P =10 +]0dB +20dB
S/N =10dB + 3dB + 3dB
P = 10 wats 10dB 20dB
1 =2 3dB 6dB
L =5 - 3dB - 6dB
D =. -10dB -10dB
A =.01 -20dB -20dB
-7dB +13dB
o
B, = I0A
AT = 1 usec =p=10
Qo= 1 Ster- Rad
Environmental loss 50dB 50dB
Net Loss $74dB 37dB

we choose to operate at D = 8 km at night, we move vertically
up from D = 8 km and reach the merged o = 10 and Q.L.
curves at a margin of 75 dB, which means that we would have
an additional 36 dB to use, i.e., we could operate deeper at
night with an 8 km spot size.

The environmental loss is composed of cloud loss and water
loss. A detailed assessment of these effects is beyond the scope
of this paper. However, the gross effects can be determined by
using the van de Hulst equation for cloud loss:

1

142+ (0.125)7 | 20)

Lcloud =
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where 7 is the optical thickness of the cloud, the real thickness
multiplied by the cloud extinction coefficient. Typically, 7 can
range from 10 to 200 so that the cloud loss can range from 4
to 14 dB. The water loss is gerierally taken to be

-KZ

Lwater =e (21)
where K is the diffuse attenuation, Z is the depth, and KZ =
T4 is the optical diffusion thickness of the water. Typically,
Tq can range from 1 to 10 so that the water loss can range
from 5 to 50 dB, dependent upon the actual depth and the
particular water type.

SUMMARY

In this paper we have motivated a desire to communicate to
submerged SSBN’s without the latter deploying appendages-in
any form. We next outlined an optical communication system
operating in the Blue/Green portion of the EM spectrum that
offers the potential for accomplishing this result. This system
is currently in the R & D phase of DoD activity and is slowly
evolving a design philosophy. Our primary objective has been
to expose this design philosophy and to explore some of the
attendant technical issues. While the environmental difficulties
have only been addressed briefly, the numbers used are repre-
sentative of what can be expected.
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