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EXECUTIVE SUMMARY

The Naval Command, Control and Occan Surveillance Center (NCCOSC) RDTA&E
Division has over the previous year been exploring the technology and svswem
approaches that could provide, on a minimum development cost basis, a High Dawa
Rate (HDR) communication link connectivity between surface ship elements of a US
Navy battle force. HDR is defined as being data rates cqual or greater than the Belb T3
rate of 1.54 Mbps.

Because of the extremely high development cost and likelihood of shupbouard coste
electromagnetic interference (EMI) compatibility problems, the creation of a brand new
superhigh frequency (SHF) communication system was felt 1o bo the least viable aay
of achieving this HDR capability on U.S. Navy combatant ships. Afier exploring a
number of alternative approaches that would directly use or augment existing ship.
board electronic systems there appeared to be virtually no viable candidates. However,
a system was discovered that did offer HDR communication potential, and it is called
the Light Airborne Multipurpose System (LAMPS) MK 1. The investigation of LAMPS
MK III was directed at revealing how its design features could be used to achieve a
line-of-sight (LOS) shipboard HDR communication system. A ground rule was that any
changes to LAMPS MK Il would not cause any change in its capability to perform its
operational helicopter mission of antisubmarine warfare (ASW) and antiship survcil-
lance and targeting (ASST) data collection and HDR data transmission to its mother
ship.

This report prepared at the unclassified level does not discuss the LAMPS MK 111
data rates and specific operating frequencies. The analysis of the HDR communication
system performance for the ship-to-ship LOS ranges using LAMPS MK 11 is not
affected by these restrictions since this analysis is based on other factors such as
antenna gain, the output power of new solid state (SS) power amplifiers (PA), the use
of the internationally accepted mobile SHF operating frequency band (4.4 to 5.0 GHz).
and technical information on the LAMPS MK III that is available in unclassificd refer-
ences. Solid state PA information was for example based on recent advances in the
field of solid state SHF radio frequency (RF) power amplifiers that offer highly reli-
able, power efficient, and low cost application of this technology in the use of 40-watt
power amplifier devices in the above frequency band.

In this report, data transmitted from the ARQ-44 Radio Terminal Set (RTS). i.e.,
the helicopter assets, will be referred to as the wideband data (WB). The data trans-
mitted from the surface ship are referred to as narrowband data (NB). These distinc-
tions are necessary to avoid confusion when discussing various aspects of a new
proposed concept. Basically this new concept proposes the installation of the LAMPS
MK II helicopter RTS assets (ARQ-44) into a LAMPS MK Il surface ship and integra-
tion with its onboard RTS SRQ-4. We discuss the various implementation approaches
that can be devcloped using this concept and the issues that develop when integrating
these two different RTSs.
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This report describes the signiticant new full doplex NB or WH capabiin tha
might be achieved using this new concent. For examiple, & NB mode of operatien
appears to offer a capability for ship-to-ship netwersing
omnidirectional antennas and operating at about 17 ~kbps data rate Also of interest i
the link analysis results obtained for o number of <vstermy confivurations showing ship
to-ship WB communicaton data rates of about 5 Mbps can be achicved without mulu-
path interference out to a LOS limit of 20 nmu at an extremely fow-bst orror rates As
an example, one of these configurations uses a special HDR transmit communicanon
package that is built around the ARQ-44 RTS assets that would othernwise be focated
below deck. A 6-dB omni antenna is directly coupled o the RTS pachage to aveid RE
line losses. In this concept, the shipboard SRO-4 is completely separate from the WH
communication package since it is mounted as high as possible on the ship. The mer-
face with the below deck equipment will be either at intermediate frequeney (1F) or Gt
baseband. Coaxial cable would be used to connect the package o below deck thus
avoiding long lengths of lossy waveguide. The advantace of this approach <tems net
only from a reduction in RF line losses but also because of its compaciness. As an il
lustration, this communication package might be used for HDR transnussion at the
5-Mbps rate from non-LAMPS MK I ships. such as aircraft carriers, or shore
locations to conventional LAMPS MK [l ships.

with up o 1o ships uang

Volume II will be published shortly and report on the impact that LAMPS MK
system test measurements, made by NESEA, has had on the design of the HDR
LAMPS MK Il communication system. Preliminary findings from these data indicate
that in many ways certain issues in the operational and test system designs have
become easier than the theoretical assessment.

Volume I is planned for later in FY 93 and will provide detail design information
on the temporary changes that will be made in LAMPS MK 1T to conduct ship-to-ship
HDR testing. In addition, the results of a study of mcthods to ensure the lowest
probability of intercept (LPI) of a shipboard HDR transmitter will be presented.




1.0 INTRODUCTION

The financial support for this technical investization has been provided under the
NCCOSC RDT&E Division’s 6.2 Communication Block Funding Program. The technical
approach that evolved is directed at the application of the current Navy LAMPS 1l
assets to satisfy the 6.2 program SHF HDR ship-to-ship communication obiectives. This
use of LAMPS 111 is considered to be the most viable and cost effettive way the Nawy
can provide its combatant ships with a HDR ship-to-ship communications. This new
capability is to be in the SHF band. HDR is defined as the Bell T1 rate of 1.544 AMbps
or higher. This report shows that the application of LANPS I to this requirement per-
mits ship-to-ship data communication using rates in excess of three times the T1 rate
at 20-nmi range separation. Figure 1.1 provides a photograph of the uninstalled
LAMPS 1l shipboard system (SRQ-4). Figure 1.2 shows the LAMPS Il SHOUR helicop-
ter after it’s takcoff from a LAMPS Il equipped FF 8 (Fast Frigate Class). The ASW
and ASST data that the LAMPS helicopter collects while on station are transmitted at
HDR back to, in this case, an FFG. The Navy has in excess of 57 major combatant
ships at sea with the LAMPS llI. The LAMPS antenna installation locations on a DD
963 are shown in figure 1.3. Figure 1.4 shows a list of these ships that includes CG.
DD 963, DDG 351, and FFG ship classes. Counting planned installations. shore and
ship total will be about 117. The discussions will be kept at the unclassified level and
a companion supplement (volume 2) at the classified level is for those who have need
for detailed sensitive information on LAMPS [lI operational communication system pa-
rameters and related technical concepts.

2.0 DISCUSSION

In the early phases of the investigation, technical issues were examined and conclu-
sions reached that led to the belief that LAMPS III was the optimum way to achieve a
HDR ship-to-ship communication capability. For example, the scope of the investica-
tion required the consideration of the entire SHF band. However, as a result of a
review of the allowable electromagnetic frequency regions in the SHF band. where
mobile LOS ship-to-ship communications are permitted by international agreement, we
found that only the spectral region from 4.4 to 5.0 GHz was allocated for this purpose.
Therefore, for the same reasons, this also is the specific operating frequency band
used by LAMPS III, to perform its communication linking between the LAMPS Il ship
and LAMPS III helicopter.

Another technical issue relates to the assessment of the electromagnetic compatibil-
ity of any newly created communication system in the existing LAMPS shipboard trans-
mitter and receiver operating environment. For example, any newly created system that
is to operate in the same 4.4- to 5.0-GHz frequency band as the LAMPS Il system
must not interfere with the high priority communication linkage between the ship and
the SH-60B helicopter. A ship-to-ship SHF HDR communication system that is cur-
rently under development is finding this issue to be a major consideration. The
approach taken in this new ship-to-ship HDR communication concept is to not create a




AN/SRQ-4 radio terminal set.

igure 1.1.
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ary HULL NO. NAME CLASS HOMEPORT
1 CG-49 VINCENNES CG-47 SAN DIEGO
1 CG-50 VALLEY FORGE CG-47 SAN DEIGO
1 CG-51 THOMAS S. GATES CG-47 NORFOLK
1 CG-52 BUNKER HILL CG-47 YOKOSUKA
1 CG-53 MOBILE BAY CG-47 MAYPORTY
1 CG-54 ANTIETAM CG-47 tONG BEACH
1 CG-55 LEYTE GULF CG47 MAYPORT
1 CG-58 PHILLIPPINE SEA CG-47 MAYPORT
1 CG-59 PRINCETON CG-47 LONG BEATH
1 CG-60 NORMANDY CG-47 NEW YORK
1 CG-61 MONTEREY CG-47 MAYPORT
1 CG-62 CHANCELLORSVILLE CG-47 3AN DIEGO
1 CG-64 GETTYSBURG CG-47 MAYPORT
1 CG-65 CHOSIN CG-47 PEARL HARBQOR
1 DD-963 SPRUANCE DD-963 MAYPORT
1 DD-964 PAUL F. FOSTER DD-963 LONG BEACH
1 DD-965 KINKAID DD-963 SAN DIEGO
1 DD-936 HEWITT DD-963 YOKOSUKA
1 DD-967 ELLIOT DD-983 SAN DIEGO
1 DD-968 ARTHUR W. RADFORD DD-963 NORFOLK
1 DD-971 DAVID R. RAY DD-963 LONG BEACH
1 DD-974 COMTE DE GRASSE DD-963 NORFOLK
1 DD-980 MOOSBRUGGER DD-963 CHARLESTON
3 DD-981 JOHN HANCOCK DD-963 MAYPORT
1 DD-001 FIFE DD-963 YOKOSUKA
1 DD-8g2 FLETCHER DD-963 PEARL HARBOR
1 FFG-8 MCINERNEY FFG-7 MAYPORT
1 FFG-12 GEORGE PHILIP FFG-7 LONG BEACH
1 FFG-28 BOONE FFG-7 MAYPORT
1 FFG-29 STEPHEN W. GROVES FFG-7 MAYPORT
1 FFG-33 JARRETT FFG-7 LONG BEACH
1 FFG-36 UNDERWQOD FFG-7 MAYPORT
1 FFG-38 CURTS FFG-7 YOKOSUKA
1 FFG-40 HALYBURTON FFG-7 CHARLESTON
1 FFG-41 MCCLUSKY FFG-7 YOKOSUKA
1 FFG-42 KLAKRING FFG-7 CHARLESTON
1 FFG-43 THACH FFG-7 YOKOSUKA
1 FFG-45 DE WERT FFG-7 CHARLESTON
1 FFG-46 RENTZ FFG-7 SAN DIEGO
1 FFG-47 NICHOLAS FFG-7 CHARLESTON
1 FFG-48 VANDEGRIFT FFG-7 LONG BEACH
1 FFG-50 TAYLOR FFG-7 CHARLESTON
1 FFG-51 GARY FFG-7 LONG BEACH
1 FFG-52 CARR FFG-7 CHARLESTON
1 FFG-53 HAWES FFG-7 CHARLESTON
1 FFG-55 ELROD FFG-7 CHARLESTON
1 FFG-56 SIMPSON FFG-7 NEWPORT
1 FFG-57 REUBEN JAMES FFG-7 PEARL HARBOR
1 FFG-58 SAMUEL B. ROBERTS FFG-7 NEW PORT
1 FFG-59 KAUFFMAN FFG-7 NEW PORT
1 FFG-60 RODNEY M. DAVIS FFG-7 YOKOSUKA
1 FFG-61 INGRAHAM FFG-7 LONG BEACH
1 CG-48 YORKTOWN CG-a7 NORFOLK
1 DDG-51 ARLEIGH BURKE DDG-51 NORFOLK
1 FFG-32 JOHN L. HALL FFG-7 MAYPORT
1 FFG-39 DOYLE FFG-7 MAYPORT
1 FFG-49 ROBERT G. BRADLEY FFG-7 CHARLESTON

Figure 1.4. The 57 ships with AN/SRQ-4 installed.




new system that mucht nterfere sith LAMPS but rather toowse the LANES woem
itself 1o pronu the ship-to-ship communicalions, when i s not ;m:ugrm.hg Ho
operational role with the LAMDPS hehooprer.

Other advantages in using the exisuny LAMPS svstem o achicve o shupaoahun
HDR capability includes the tact that the LANIPS h‘»'.ﬂ;.a Gnlenn satem, Hrure 13
is at a maximum hetght abase the shup's devh. Real estito v very scuaroe at these
hetghts and obtaining a locauoen tor g new ng" P antenn system el U
would be very difficult o do The greater antenny beight results an g preater LOS
distance between ships

Also, by using the LAMPYS antenna system there are no muger dovelopmentad,

. = i
procurement, or instatlauon costs 0 obtamn a new high-pain, stabired antenng tha
provides monopulse azimuth tracking, that has passed mulpec shock and vibraten
testing. The LAMPS I high-caimn antenna has demenstrated highby saccesstal operas
tional reliability while providing miission support an compunciion with the LANPS hels
copter system.

The system’s goal, in the proposed use of the LAMPS shipboard assets s o nos
vnly use the above deck assets but also to use, g maximum degeree, all the below
deck subsystems. These subsystems include the frequency syathewzers, moedulation, de-
modulation capabilitics, transmit and receive subsystems, mux and demultuiplex subsys.
tems, and KG-43 cryptosystems. Data system interface issues are recogmzed and may
ultimately cause a need for system flexibility and deviaton from a complete adberence
to present data framing, protocols, and timing methods. However, vanations from the
present LAMPS [II design and’or implementation must carefully consider the require-
ment 10 be able to rapidly reconfigure the system from a posture that supports ship-te-
ship HDR communication to one that can immediately support the LAMPS I mission.
The LAMPS I mission must always be the primary operational mode and any design
changes must always be evaluated from (s perspective.

3.0 DESCRIPTION OF LAMPS COMMUNICATION CONCEPTS

To effectively discuss the new HDR communications concepts, it 1s best ¢ first
examine how LAMPS communications presently operates. Figure 3.1 shows the basic
facets of LAMPS ship-helicopter communications. The shipboard LAMPS transmit and
receive equipments are below deck and connected to either the high-gain or omni an-
tennas, that are mounted high up on the ship, by waveguide through the waveguide
switch shown in figure 3.1 This figure shows the high-gain antenna having been
selected. This antenna mode s used when the helicopter is greater than 2-nmi distance
from the ship. The uplink requires less than 10 percent of the bandwidth required by
the helicopter to ship downlink. Therefore, the terms wideband (WB) and narrowband
(NB) have been used to distinguish these two links. The WB downlink includes t..¢ NB
response data, since it 1s multiplexed in with the WB downiink data stream. Thus a
full duplex communication 15 achicved relative to the NB data communication. The WB
link is simplex in nature, since there currently is no need for WB transmission from
the LAMPS ship to the helicopter.
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3.1 BASELINE LAMPS COMMUNICATION CONCEPT

The baseline LAMPS HDR communication concept is aimed at @ maximum com-
munication capability and is created on the ship by integrating the shipboard LAMPS
system (SRQ-4) together with the LAMPS Il WB wransmit, NB receive, and mun
demux assets that are identical to that used by the SH-60B LAMPS {II helicopter
(ARQ-44). Figure 3.2 illustrates this concept. In this figure a new dual rotary wave-
guide switch is required to replace the present single-acuon switch. In the wanvepuide
switch position shown, the SRQ-4 receive and transmit system is connected to the high-
gain antenna, while the ARQ-44 is connected to the omni antenna. This 1s the ship A
configuration. Ship B at the other end of the link has 1ty configuration just reversed.
Figure 3.2 shows that the high-gain antennas are transmitting the NB data hinks and
the zero dB-gain omni antennas are transmitting on the WB data links. Theretore, the
high-gain antenna's monopulse angle tracking system will use the WB signal from the
omni antenna for antenna steering commands. It should also be noted that NB opera-
tion is conducted in a lower band (L.LB) and upper band (UB). WB operation can be
performed in the band not used for NB. The resulting frequency separation between
NB and WB is required to achieve the needed isolation between the transmitted cnergy
and the low level signals that are being simultaneously received. This signal isolation is
presently obtained using a diplexer consisting of two broadband RF bandpass filters;
one designed for the LB and one for UB operating frequency bands.

The filter bands for ship A (i.e., NB UB Tx and WB LB Rx) are presently provided
by the SRQ-4 diplexer filters. However, ship B would require new diplexing filters to
satisfy the new NB LB Tx and the WB UB Rx requirements. To allow flexible opera-
tional configurations the diplexing filters would have to allow a remotely controlled
switchable filter design. The filter arrangement presently provides a diplexer with as
much as 90 dB of isolation between the receive and transmit signals. The simplest way
to visualize the use of the UB and LB is as follows. Referring to figure 3.2, first exam-
ine the band use by the high-gain antenna on ship A and the omni antenna on ship B.
In this situation, the high-gain antenna on ship A is transmitting in NB in the UB of
the 4.4- to 5.0-GHz allocation, and the WB signal is being received in the LB (i.c., in a
lower band in this allocation). This is exactly the same situation that exists when ship
B is replaced by the LAMPS helicopter, since it operates in these bands. Therefore,
examining the omni on ship B, we see that, like the helicopter, it is transmitting WB in
the LB and receiving NB in the UB. Therefore, on each of the platforms, the separa-
tion between the diplexer bandpass filters, located in the UB and LB is the same and
is sufficient that transmission and reception can occur simultaneously without causing
corruption of the quality of the received data.

The links between the omni antenna on ship A and the high-gain antenna on ship B
are reversed from what has just been observed for ship A. The reason for this can be
explained. Consider first the omni on ship A. We note that it is radiating a WB signal
in UB and receiving a NB signal in a LB. From the foregoing, the high-gain antenna
on ship A was receiving WB in the LB. Therefore, for the collocated omni antenna WB
emissions not to interfere with the high-gain antenna WB receptions on ship A, it is
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necessary that isolation be achieved by having the WB receive and transmit bands as
far apart as possible. This isolation is achieved by having the omni antenna WB trans-
mit band in a UB since the WB received by the high-gain antenna is in a LB. The
same logic applies to the NB reception in the LB by the omni antenna. Likewise, the
LB NB signals transmitted by the high-gain antenna on ship B requires that ship B WB
reception occur in the UB. The UB bandpass RF filter for WB wransmit and receive
functions and LB RF filter for NB transmit and receive functions do not now exist in
the present LAMPS system and would have to be fabricated and sized for instaliation
in the LAMPS R/T drawer in the shipboard system and R/T module in the helicopter
configuration. Furthermore, these new bands would have to occupy the available spec-
trum after the WB LB and NB UB used by LAMPS III, has becn allowed for. Figure
3.3 shows in generalized terms what this frequency band allocation would look like.
The detailed numerical assignment for the frequencies are not shown and may be
found in volume 2.

Because the new WB UB and NB LB diplexing bandpass filters use the available
spectrum between the existing filters (see Figure 3.3), there is a significant reduction
in the separation between the filters. Whether the present 90-dB isolation can be
achieved or not remains to be determined. If the isolation level is unsatisfactory for
simultaneous full duplex WB and NB operation, then nonsimultaneous WB or NB full
duplex communication mode could be used quite satisfactorily. Flexibility in the selec-
tion of a filter configuration on a particular ship will require the ability to remotely
switch the filters to the desired compatible WB/NB characteristics. However, one must
bear in mind that in the foregoing example we have, using the present LAMPS com-
munication architecture, attempted to create two simultaneous full duplex links; one for
NB and the other for WB communication. From a practical standpoint there may be
merit in operating ship-to-ship in either a NB or WB mode. These concepts will be
more fully developed later. To achieve the WB/NB capability shown in figure 3.2, the
following would be added to the basic capability offered by the LAMPS assets to equip
two test ships:

1. Two dual waveguide switches

Two WB UB RF bandpass filters; see figure 3.3

Two NB LB RF bandpass filters; see figure 3.3

Two SMA type switches at input to the R/T subsystems.

»woA W N

Two modifications to frequency synthesizers to permit shifting references in
accordance with the new WB UB and NB LB while still being capable of
meeting LAMPS transmit and receive bands and channelization in receive
and transmit operation.

Volume 2 provides a simplified approach to a demonstration system that is differ-
ent from this baseline. This approach was possible because of the advantages offered
by LAMPS fabrication characteristics that were discovered as a result of laboratory
testing.

10
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3.2 LAMPS SPECIAL COMMUNICATION PACKAGE

For this different LAMPS communication system configuration an examination has
been made of the value that might be derived in the WB transmitVNB receive modes if
the constraint of using only the LAMPS antennas and waveguide was removed on the
ARQ-44 side. In the configuration shown in figure 3.4 a new shipboard communication
package is depicted. The concept creates a separate NB receive/WB transmit package
that can, by being separate from the SRQ-4, be mounted high up on the ship mast (80
to 100 feet) and usc the R'T modules that come from the LAMPS helicopter (ARQ-44)
assets. This package also contains the needed diplexer filters directly connected to an
omni antenna with a 6-dB gain near the horizon. The interface between the new com-
munication package and the equipment below deck is at IF or baseband. Therefore,
long lengths of waveguide, joints, and couplings with attendant Joses are eliminated.
The antenna to R/T subsystems losses, because of the short run will be very fow.
Therefore, the transmitted RF WB radiated power will be about 11 to 14 dB higher
than the foregoing baseline design when the LAMPS omni antenna is used for WB
transmission. Therefore, some new capabilities are now possible. Figure 3.4 shows how
a networking NB mode can be achieved between various ships using the LAMPS mult-
channel design without having to steer a directional antenna. In figure 3.4, NB full du-
plex communications can be achieved using the LAMPS omni antennas and the 6-dB
antenna in the new communication package. From this figure we see that ship A is
transmitting NB in the LB while reception occurs with the 6-dB antenna on ship B. The
other half of the duplex operation is created by transmitting NB in the UB from ship B
using the LAMPS omni. This signal is received by the 6-dB omni on ship A. Since the
LAMPS system is channelized in both the NB and WB modes, each of the users can
have any one of a number of RF channels as his own call sign. Any other ship within
LOS of the antenna system can listen to him transmitting on his channel and deter-
mine whether he wants to receive the traffic. In the NB mode, it will be possible to
send and receive high quality encrypted voice with the existing ship’s LAMPS
encrypted voice capability. If the interaction between the various ships is heavy relative
to data exchanges, a time division multiplexing technique might be developed to
efficiently exchange data between all users. In this arrangement, each user would have
a specific time slot for his transmission on his specific channel.

Figure 3.5 shows how two ships in the NB net having decided over the NB net that
they want to go into the WB full duplex mode can do so without disrupting their NB
net connectivity. From figure 3.5 we can see that high-gain directive antenna has now
replaced the “0” dB omni on both ships and is now working in conjunction with the 6-
dB omni antennas. Examining figure 3.5, one can see, relative to figure 3.2, that
except for 6 dB more gain and reduced line losses, that the links are the same. In
LAMPS, the number of channels in the WB mode is the same as in the NB mode.
With the new communication package the high-gain antenna will Tx/Rx with a 6-dB
omni antenna with up to 8 dB less line loss. Therefore, improved receive signal
strength will permit WB data communication at even lower bit-error rates. Similarly,
the NB links are more robust and error free than would occur if only the LAMPS “0”
dB omni antenna was used.
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Figure 3.6 shows how the communication package just described could be used to
provide a HDR link from a non-LAMPS ship (e.g., an aircraft carrier) or a land site,
This capability would also allow full duplex NB data operation between the two ships
or a land site and the LAMPS ship. This capability could have been particularly useful
during the Persian Gulf War.

Figure 3.7 shows more detail relative to how the new WB-UB and NB-LB diplexer
filtering could be done in the operational shipboard ARQ-44 communication package.
The shaded area contains the currently used WB-LB and NB-UB bandpass diplexer fil-
ters as they are in the ARQ-44 system. The switches shown connecting the filters 1o
the ARQ-44 transmit and receive chains are new. Examining this figure we note that
when the switches allow connectivity to the filters on the left side, we have the present
configuration. When the switches are set to connect to the nonshaded filters on the
right, we then have the new transmit WB-UB and receive NB-LB bandpass filter con-
figuration. Thus for the communication package to operate on ship B, in figure 3.5, the
two RF switches would be set to operate with the filters in the shaded area. Flipping
the switches in the special communication package to the other position is required for
ship A and would allow connectivity to the bandpass filters in the unshaded area. This
would give the WB-UB needed for ship A WB transmit and the NB-LB filter needed
for reception on ship A. The characteristics of these switchable filters might theoreti-
cally be the same as described in figure 3.3. We noted that concurrent with the switch-
ing of these filters there is also a need to switch the transmit and receive
downconverter and modulator synthesizer frequency references, so that receive and
transmitter frequency and channel alignment is always maintained. The ARQ-44
LAMPS helicopter electronic equipment comes in two modules, referred to as UNITS 1
AND 2. Figure 3.7 assumes that a baseband interface can be created to eliminate the
need for a waveguide connection to the rest of the equipment located below deck. An
IF interface would also be acceptable. A similar discussion would apply to the SRQ-4
shipboard diplexer switching shown in figure 3.8, as for the ARQ-44 system. However,
one difference is that, in figure 3.8, the transmit and receive subsystems are installed
in one drawer mounted in a large rack and the digital multiplex and demultiplex
equipment is in another drawer. There fortunately is a reasonable amount of space in
the receive/transmit drawer to install the new RF diplexer filters shown unshaded along
with the new SMA style switches and RF conductors. The available space in the
ARQ-44 Unit #2 (R/T subsystem) is much more limited and therefore poses much
more of an engineering challenge. As in the ARQ-44 system, there is also a need in
the SRQ-4 to modify the transmit and receive and channelization frequency reference
systems so that the RF frequency swings dictated by the operating regions of the new
diplexer filters can also be accommodated. As stated earlier, the supplement volume
will discuss another version of the foregoing that is possible because of the actual
measured LAMPS III characteristics.

15




a3eyoed uonediunwiwod paseq-pp-OYV Mau ays Juisn yuyl [II SJVT [B103dS  "9¢ aundig

X3 1dWIS 8M
. X31dna 1In4 VLIDIA 8N
gMmeaN m ALINIBYdYO

XNN3IAXNN M
QOW3Q/aon m Il SNV

ayvO8diHS LN3S3Hd

SWILSAS - \
weow [ __sisvrouv | . S/S ¥-OUS

1INSNVHL

M M3N Joxaldig MS : ¢ XXX
wwo dexm (@nX1 6N

BUUSIUY .

uren ybiH .

gap 9 A.
TG UKL T

WO
: ap Q
'6d Wwoo mau ypm

dIHS SdWY1 NON _ dIHS SANY om_..__oo_zz:_

+

]

16




'$19588 §/S Pp-OWV Jwisn afexoed uonediunwiwod pieoqdiys maN L€ N3y

indinQ eleqQ gN indu; ejeq am

Il 3SVHd
L# Wun e
‘...-...c.-..-w.#.lﬂ-modco-mE.o.-.-. QV-F.#..“_-P“—Q-.--..-...-.9--.
MO3d
c# iun I
rr-OHY c# Hun
W —ya s MOY
MON .

43ax3andia
ONIHOL1IMS
M3N

™ pr-ouv
IN3S3Yd

_Nm._ux._. 8M

l'v
(8n)xy 8N

17




axopdip Suyonas e yim paggipow wasis preoqdiys p-OYUS 8¢ 24n31yg

v (Al ()
omei()
gN AWIXNN
[E BN ERENI I IR IR NN B R N RS N R £ 4020 08 [} $ 430822 L L 2 & 2 5 0 [ NN N B 2 I B B B N R B ]

Yyl QO30
2ol Bed & vous

XHxL

p-OHS =

Vd S'S MOY
H1WX ut e8bueyy ,

lexeidig

g Buiyoum
=h'

ddd

Alquiassy

44 v-0OHS
Jussaid

CRUE m>>-
~m3x._. 8N

18




3.3 FULLY INDEPENDENT WB AND NB SHIP-TO-SHIP DATA LINKS

In the earlier systems discussed, all cases had the WB and NB communication links
both operating simultaneously through either the high-gain or the omni antenna. Since
operationally this could limit the full use of the capability associated with the LAMPS
Il subsystems, the configuration shown in figure 3.9 was examined. Independent con-
nectivity can be seen by noting the fact that the high-gain antenna is for both WB
transmit and WB receive, and the “0” dB omni antenna is both NB transmit and NB
receive, for the waveguide switch position shown. If this switch is rotated to the other
position the connectivity would still be independent but reversed i.c., only WB would
be connected to the “0” dB omni and only NB would be connected with the high-gain
antenna. This independence allows full duplex operation for WB or NB through a sin-
gle antenna. The antennas on ship B can be configured for high gain to high gain, high
gain to omni, or omni to omni. The high gain to high gain WB could be used to
achieve maximum directivity and minimum RF transmitter power so that a Low Prob-
ability of Intercept (LPI) would occur while transmitting large databases in the WB
data mode. The omni to omni case could be used for a NB networking operation inde-
pendent of the WB operation being conducted between the two high gain antennas.

The foregoing functional capability can be accomplished by a revision of the pre-
sent RF diplexer system. If one examines, for example, the section of figure 3.9 that
addresses the modified ARQ-44, we can see that, there is a WB Tx output in the LB.
However, a WB output is also shown as possible in the UB. Thus the ARQ-44 system
has been now modified to have a band-pass filter for both the upper and lower WB
transmit bands. Similarly, the ARQ-44 NB receive is, as normal, receiving in the upper
band. However, it also is able to receive in the lower band. To do this, the original
WB-LB Tx and NB-UB Rx diplexer has been functionally split apart so that the new
WB LB/UB and NB LB/UB bandpass filtering can be created. The discussion regarding
the modified SRQ-4 follows along the same lines as the ARQ-44 viz. WB Rx in the LB
i1s normal and WB Rx filter in the UB is now required; similar'y, with the NB portion
of the modified SRQ-4 system.

With this new independent system, the Rx/Tx diplexing is performed external to the
ARQ-44 and SRQ-4 as in figure 3.9. The WB Tx and Rx meet at a common junction
that has connectivity to waveguide switch A via switch B. A requirement exists for con-
trol between the ARQ-44 and SRQ-4 such that only WB-UB Tx can occur when WB-LB
Rx is selected. When WB-LB Tx is selected then only WB-U3 Rx can be allowed. This
assures that the needed transmitter to receive isolation will be in place to protect the
RF preamplifier and to minimize interfering transmitter noise level in the receive
system.

Finally we note that the independent configuration is sufficiently different from the
original LAMPS design so that it cannot be easily reconfigured to go back to its origi-
nal LAMPS architecture. Nevertheless, this can be solved by connecting a SRQ-4 in
through waveguide switch B in figure 3.9. When operational requirements dictate
LAMPS operational support, this waveguide switch is thrown disconnecting the
modified independent system. The high-gain antenna now is performing in its normal
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LAMPS WB-LB Rx and NB-UB Tx bands. As may be seen the NB networking could
still proceed even though LAMPS is up, however the links would have 10 be reversed
from what is shown, since interference would exist in the NB-UB Rx path due to the
LAMPS SRQ-4 NB-UB Tx operation.

4.0 PREDICTED COMMUNICATION PERFORMANCE

Using a computer (PC) program called SLAM, that was developed at NCCOSC
RDT&E Division, a parametric examination of the communication performance of any
new system, including the effects of multipath, propagation, diffractior, and ducting
can be performed. The plots that follow were developed for a few of the foregoing key
configurations. The actual characteristics of the present LAMPS Il system were used in
the analysis including the system losses that affected both the transmitted signal as
well as the received signal. These losses were provided in the LAMPS engineering
documentation in Navy files. The factors that were included in the link analysis are
listed in figure 3.10. The term called out as REQ stands for required signal margin
above that which will just allow achicving the desired BER at the specified data rate.

Relative to LAMPS Il we are dealing with specific known system parameters. RF
power (Pt), transmit, and receive antenna gains (Gt,Gr), and system losses (Ls) are all
known. Therefore, the variable is the channel transmission losses (Lc). In the figures
shown, link margin will be plotted in decibels on the ordinate versus the propagation
range between the two antennas in nautical miles (nmi). The results are plotted for the
nominal frequency bands. The calculations assume a solid state (ss) power amplifier
with an RF power output of 40 watts. Because of the superior reliability of these solid
state devices, at this power level, and the need for extremely high reliability in the spe-
cial communication package just described, the solid state 40-watt PA was used for the
analysis. Using the SLAM PC-based model, explorations were made of the effects of
parametric variations from the present LAMPS III systcm architecture as a reference.
This incidentally, was how the merit of the new special communication package was
assessed including the need for a 6-dB omni antenna and a low loss system. For the
computations we assumed that the antenna on each ship was at 100 feet above sea
level (DD 963), and this results in a maximum LOS range of about 20 nmi. When suf-
ficient excess power or margin is available, range values will be shown on these plots
in excess of the LOS limit and out to a diffraction loss limit. The criteria of goodness
of a link condition is the level of the system link margin at 20 nmi and the level of the
multipath worst case signal attenuation. This will become clearer after the plotted data
are examined.

Figure 3.11 shows the expected performance of the LAMPS communication link
between the high-gain LAMPS antenna and the LAMPS “0” dB antenna as a function
of separation range, assuming a communication WB data rate of about S Mbps with a
E/No = 12 dB. We see that at the 20-nmi range the excess signal strength is about 7
dB when using a 40-watt solid state PA, at eitner the high-gain or omni antenna side
of the link. The sharp downward spikes are due to multipath signal degradation effects.
The worst of these multipath signal degradations can be seen about +4 dB away from
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being of concern. This may be regarded as the lowest safety margin that exists in this
link. The received signal power is strong enough to allow communication out to ranges
of about 23 nmi and then be overcome by diffraction loses. This calculation used the
actual documented transmitter and receive system loses.

Figure 3.12 shows the expected communication performance for a NB communica-
tions case. The data rate is taken to be about 150 kbps on a link between a *0” dB
omni antenna and a +6-dB omm antenna on the special communication package. This
would correspond to the performance one would get using the special communication
package on one ship and the LAMPS omni on the second ship. The signal margin at
20 nmi can be seen to be over 6 dB when a 40-watt PA is used and a E/No = 12 dB is
required.

5.0 LAMPS 111 DEMONSTRATIONS OF A SHIP-TO-SHIP HDR
COMMUNICATION SYSTEM

LAMPS demonstrations, that will be employed in the evolution of this new ship-to-
ship high data-rate communication capability, have many facets. The first of these
demonstrations begins with tests in the latoratory. At the next level we will make a
bridge between the laboratory and the world of the Navy combatant ships that already
have a LAMPS system onboard. The results of these efforts will provide a final answer
regarding the technical direction that could maximize the benefits and operational
capability possible in any fielded system. This last phase would be the focus of any
planned Advanced Technology Demonstration (ATD). Consequently, the work that will
go on in the early two phases will be performed with this ultimate ATD objective in
mind. The specifics of the areas of investigation, in each of the above categories, is
contained below.

5.1 LABORATORY TESTING/DEMONSTRATIONS

The work in this area has already begun this year because of the support provided
by NESEA. Aithough the documentation supporting the LAMPS system is quite exten-
sive, there are still many areas where detailed engineering information deficiencies
exist. Some of these information deficiencies occurred because the suppliers of LAMPS
subsystems apparently believed their interests would not be protected if they revealed
detailed design information and data on subsystem characteristics. In these situations,
NESEA conducted various laboratory measurements on the LAMPS equipment to
reveal this needed information.

Later sections will discuss implementation techniques that have been considered to
circumvent certain component issues that may not be easy to solve at this time. These
issues if not resolved could prevent conducting basic ship-to-ship link performance
tests. The testing and evaluation of these approaches will be first performed at the
NESEA laboratory. If satisfactory results are achieved then installation in NESEA's
LAMPS test systems, called MOD 3.5 units, will be performed to allow laboratory sys-
tem testing. The MOD 3.5 LAMPS units are not full operational system replacements;
therefore, this use of these assets is acceptable
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5.2 SHIP-SHORE AND SHIP-TO-SHIP HDR COMMUNICATION
DEMONSTRATIONS

The laboratory communication system level testing, described in 5.1, will attempt to
simulate some of the test conditions that would occur in an at-sea test. Upon the
successful conclusion of these laboratory tests, using modified SRQ-4 and modified
ARQ-44 (Mod 3.5) units, these would then be integrated at NESEA to simulate ship
installation. The LAMPS antennas could be mounted on a high outdoors platform, that
presently exists at NESEA's or facilities at Patuxent MD. NESEA would coordinate
with appropriate NAVSEA and operational force elements to obtain the services of a
LAMPS III ship. This ship would support a ship-to-shore HDR communication test. The
test objectives will be limited to simply demonstrating that a high quality WB channel
can operate over a 20-nmi path at an acceptable BER. After this test has been thor-
oughly and satisfactorily conducted, then the next step will be to modify a second ship
by installing a modified NESEA R/T drawer in the shipboard SRQ-4 rack and also inte-
grating a modified NESEA ARQ-44 terminal unit. Ship-to-ship tests will then be con-
ducted at sea at various ranges and shipboard EMI conditions. This demonstration will
also reveal the level of interference that will be experienced by the LAMPS receive
system in the WB mode. Also, the level of RF interference that can occur under vari-
ous EM conditions when the LAMPS transmitter is emitting a WB' signal, using either
the omni or high-gain directional antenna, will be examined. During the course of this
demonstration, test plans need to be implemented that will permit Low Probability of
Intercept (LPI) to be evaluated. In this evaluation, the high-gain antenna on each ship
will be directed at each other permitting the lowest radiated power level. This will
result in the lowest attainable probability of detection and bearing determination LPI.

5.3 OPERATIONAL LAMPS HDR COMMUNICATION SYSTEM ADVANCED
TECHNOLOGY DEMONSTRATION (ATD)

Much of the work in this section will in all likelihood continue under an Advanced
Technology Demonstration. This demonstration will be performed using a ship-to-ship
LAMPS HDR communication system with a maximum operational capability. This
capability will include a maximum number of channels in an omni to 6-dB omni
(special commmunication package) NB network, a WB high-gain antenna to “0” dB
omni antenna mode, and an LPI test using the WB mode for a high-gain antenna to
high-gain antenna test. The findings from the efforts conducted in sections 5.1 and 5.2
will provide vital information needed to address the foregoing operationa! configura-
tions. The ship-to-ship demonstrations stated earlier will be focused on demonstrating
the basic WB link connectivity in its simplest form. This philosophy has been applied
to constrain the range of technical issues that require resolution before the basic test-
ing can proceed under the FY 93 funding. Nevertheless, the technical, equipment, and
component issues that act to restrict the LAMPS Il HDR communication system from
achieving its fullest potential will be identified. This will allow appropriate corrective
actions to be addressed together with schedule and funding requirements. The
implementation of any significant changes will take place, more than likely, under the
ATD program.
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5.4 LOW COST DEMONSTRATION SYSTEM

A modified LAMPS R/T subsystem that will allow WB ship-to-ship link testing in
one of two LB channels with a low development cost is shown in figure 5.1. To avoid
the costs and technical issues associated with the frequency shifting of the WB Tx/Rx
to the upper band, this sysiem design is restricted to only the lower LAMPS band of
operation LB. One of two new bandpass WB filters would be selected for the LB trans-
mit chain of the ARQ-44 prior to the PA and one of two bandpass/bandstop filters
would be selected for the SRQ-4 LB WB receive path. The bandstop filters are
designed to maximize the attenuation of transmitter energy into the receive path. Each
filter would ideally have a 3-dB bandwidth about equal to about 10 MHz. When the
WB transmit system is using filter band A, it is essential to avoid receive system dam-
age, so that the receive system can only use filter band B. The channel control subsys-
tem is to provide this protection. This requirement therefore means that the other ship
must transmit on filter band B and receive on filter band A. The frequency separation
between A and B and the band stop filter attenuation are major parameters in deter-
mining the degree to which the receive system is isolated from the transmitter. If the
isolation level is in the range of 90 dB then it is expected that this should provide a
comfortable margin. The technical challenge, aside from the isolation level, is the
installation of the two transmit RF bandpass filters (A and B) in the ARQ-44 (top of
figure 5.1), and the installation of two passband/bandstop RF filters(A&B) for receive
in the R/T drawer of the SRQ-4 (bottom of figure 5.1). The installation must be made
in such a way that the system can be restored to its original LAMPS III configuration
when testing is completed.

The installation of the RF filters in either the SRQ-4 or the ARQ-44 may require
that the present WB/NB diplexer filter be temporarily removed to make room. Since
NB operation is not being used in this test, this diplexer filter is not needed. In the
WB transmit path, the removal of the LB WB diplexer filter could result in 3 dB more
transmitted RF power.

5.5 MINIMAL COST DEMONSTRATION SYSTEM

The foregoing system concept allows two-channel flexibility in the selection of
transmit and receive frequencies between the ships. This may be desirable if, for
example, one of the ships is having EM interference with its signal reception or if for
various reasons it does not wish to transmit in a particular part of the band. If we
eliminate this flexibility and assign one ship to transmit in band A and the other to
transmit in band B, a 50-percent reduction in the number of RF filters occurs, together
with an easier less space-demanding installation. The provisions for Tx/Rx channel con-
trol shown in figure 5.1 also is eliminated since the transmit system on a ship cannot
switchover to operate in this band for reception. This is why the system in figure 5.2 is
regarded to be the lowest cost system. Aside from cost, it may be possible to install
this configuration without removing the present NB/WB diplexers from the ARQ-44 and
SRQ-4 R/T subsystems. This matter will require more engineering evaluation before a

27




'$19558 SNV Juisn suonedunwwod YQH Xadnp [jng  [°¢ 2andiyg

SNOILLVOINNIWINOD dIHS OL dIHS IM SdAV']
JO NOILVYISNOWAA ISOD MOT

g HO

HO

¥ HO
1INSNVYEL

V HO
HO
g HO
ELYEBEE]

SIS

saRN s oI I FEEERENENE — ndino
. e R e o
IR o NRUAY — ot dOLSANVE
¥ HY SSVd |
[ - SSYAaNYE
Y
JOUINOD |
SVNNZINV OML o | | L w303y o ovo3
SEL 40 HNO SLOTHES N sl amvaua [T]0C
INIOFAYVLOY oo
30IN9IAVM K N $ veogwm
v HO:dOLS: 119d [aqd/baxy
1 dOLSANVE: wﬂou.ﬂﬂmﬁﬂ ~-0
1s4sqng '8 HD: SSvd Pued juoxy
oapoy yD| LEWO IR
NIVDS H wRAsqn:
ugw wv.o ‘ [ 8. HD.SSVd ! anduy
« ' 4d8 gM a&ﬁs&
YT TNV YIZISTHANAS
Q | wmmod NoiLvInaow [*] 2¥dd
INNO 8P.0. a ? ha%n%xv%u
. “ o« “ --------- *vd
«muw“mnmﬂm 1eauMQuintg

28




‘819858 SNV Suisn suonesunwwod YgH xaidnp jing z'¢ 2andiyg

SNOILLVIOINNINIWOD dIHS OL dIHS dM SdIVT
4O NOLLVYISNOWHA ISOD LSIMOT

s 4,80 )
P 0«0»040n0&0¢00000000

BRI
02000 070 022
00020 % %% %%

indino

wiep Yoerg

H

SYNNILNY FHL 40 [ V-HD - - |
YIHLO HHL ¥O ANO SIOTIIS dOULSANVH | ¥3IAI3D3Y
LINIOFAYV10Y 8. HJ 'SSVd - qoWag—H*] Ova3
30IN93AVM L HdE (M /dWV3Yd
+ g 9
fnw 1ugo/bay
v HO N Paqmqungy V-0
ITWSNVEL w— wasAsqng H pued luoy
VNNILINV wapN$o
NIVD IH
wosAsqns ﬁ induy
JwswRL], pp O weq ﬁsmh
8 HO YAEITANY | [V 1) SSVd] | ¥3ZISIHINAS
EINEREL] - n WIMOd . u&m M - “mM NOLLVINQOW < OVvad3
A A Y
VNNALNV INNO 8P.0. I mumaﬂm.nuumuw.avvd
1Psgmqunyy

29




decision is made. Filters A and B are both located in the LB at the extreme ends of
the diplexer broadband filter (if still installed) and have a 3-dB bandwidth of about 10
MHz. It is also the goal of this design to avoid changes in the present LAMPS fre-
quency synthesizer subsystems to minimize WB link demonstration costs.

6.0 CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

A simple minimal cost demonstration of the WB communications capability of a
modified LAMPS III system is being planned to provide HDR ship-to-ship full duplex
communications at about a 5 megabit/second dat " rate. From this preliminary investi-
gation, this appears to be achievable out to a LO" <hip-to-ship range of 20 nmi. A
demonstration of this new WB capability appears to require a minimum investment
since the most costly elements of the system are already contained in the existing
LAMPS system. A detailed engineering assessment of not only the concepts presented
but other approaches is underway.

The experience to be gained in the FY 93 at-sea WB communication demonstration
will be valuable in terms of further defining WB and NB operational concepts and
implementation approaches. The additional effort that will go on in FY 93 will address
the best approaches to take to achieve a maximum receive and transmit reference
frequency shifting. This frequency shifting is required so that the maximum isolation
can be achieved in both WB point-to-point communication as well as NB networking.
LAMPS I testing of the modulator synthesizer during the FY 92 has revealed a need
for a major increase in transmitted carrier frequency agility so that regions well outside
present transmit band can be operated in.

The channelization that exists in the LAMPS III ties both the channel in the WB
shipboard receive to the NB shipboard transmit channel! (i.e., when on channel 5 on
WB receive, the systems’ frequency synthesizers and frequency offset/thumbwheel
divider functions causes the channel on NB transmit to also be 5). These specific exist-
ing LAMPS frequency synthesizer design characteristics are not applicable to the case
where full duplex WB or NB operation is used vice the WB/NB receive/transmit that is
used in the shipboard LAMPS III. The large difference in bandwidth between the NB
and WB channels does not exist in the new system since the channel bandwidths are
the same for receive and transmit.

The special communications package is a very attractive concept for several
reasons. From the results of the communication link calculations, presented earlier in
this report, it appears to be the only practical way of achieving omni-to-omni network-
ing because of the very desirable 11- to 14-dB link improvement that is achieved when
line loss is greatly reduced and a 6-dB gain over the LAMPS omni antenna is used.
The transmit and receive path loss reduction that is achieved occurs because the 6-dB
omni antenna is directly connected to the receive and transmit diplexer output port.

30




This compares to the waveguide loss in the LAMPS IIl which starts below deck and
runs as much as 100 feet up the mast through various couplers and joints to the
antennas. Because of this and the “0” dB gain omni antenna, LAMPS 1l has no
possibility of achieving NB networking at a 20-nmi range using a NB data rate of 150
bps. The use of the special communication package at the other end of the LAMPS Iil
omni link boosts the receive signal by about 11 to 14 dB compared to LAMPS 1Il omni
reception. A design of the communication package needs to consider the use of a 40-
watt solid state power amplifier because of its low cost, very high reliability and the
relative simplicity of its power supply. As stated earlier, this concept in itc simplest
form, when used on a non-LAMPS ship, such as a carrier, or shore site, allows for
WB transmission to the LAMPS III ship and NB reception from it.

6.2 RECOMMENDATIONS

The U. S. Navy has a valuable resource in the LAMPS III system and this has been
demonstrated in its remarkable operational performance. LAMPS MK IIl has been
operational in the Fleet for at least 10 years. It is a well engineered system that in
many ways is still very sophisticated. Its excellent performance results from the sound-
ness of its engineering. It is an example of what is possible in operational Fleet elec-
tronics. For these reasons it represents a very sound foundation upon which to create
another remarkable level of LAMPS III usefulness to the Navy. LAMPS MK I
presently has an operational role which it performs efficiently and effectively. There-
fore, variations from its present design have to be evaluated carefully to be sure that
no reduction in present operational capability will occur if any design changes are to
be implemented. The case of the special communication package is attractive because
of a 11- to 14-dB signal strength improvement over a LAMPS SRQ-4 omni receive sys-
tem. It also eliminates the direct RF interfacing requirement between the shipboard
system (SRQ-4) and the onboard LAMPS helicopter terminal (ARQ-44). One disadvan-
tage, however, is that the interfacing issues may now have moved up the mast and
now be an Electromagnetic Compatibility (EMC) issue.

On the other end of operational concerns is the question of achieving an LPI of the
ship radiating SHF signals. The high-gain LAMPS 1II, antenna operating into another
ships LAMPS high-gain antenna, can transmit at power levels reduced by the value of
the receive antenna’s gain, relative to a “0” dB omni antenna. Thus, for example, if
one assumes that the receive high-gain antenna was 30 dB above the omni and the
transmitter power for the high-gain antenna was 10 watts when transmitting WB to an
omni antenna; then the high-gain antenna is used to replace the receive “0” dB omni,
the transmitter’s power can be reduced by 1/1000 and it would only be 0.010 watts.
This low power in the main antenna beam, plus the narrow antenna beam pattern,
makes for low detectability or LPI. We have seen earlier how the high-gain LAMPS I
antenna, used for transmitting WB from a ship can be successfully received on another
ship when that ship is using a “0” dB omni at 20-nmi range. If LPI is desired in the
WB mode then the second ship would also use the high-gain antenna to permit the
lowest level of transmitted energy. What this scenario leads to is that LPI is not readily
achieved with a special communication package. To achieve an LPI capability, at the
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WB data rate, it will therefore be necessary to interface the helicopter ARQ-44 WB
transmit capability directly with the shipboard SRQ-4 WB receive system in the below
deck LAMPS III facilities, thus accepting the line losses in order to use the high-gain
antenna.

As can be seen, there are a varicty of possible operational configurations, each with
very desirable features. What is recommended is that the technical investigations and
testing continue so that needed technical insight might be developed. This will be done
within the LAMPS 1l framework to deal with the identified technical questions related
to attaining a LAMPS WB/NB ship-to-ship communication capability.
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