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ABSTRACT

The Integrated Waveform (DAMA UHF SATCOM), speci-
fied in MIL-STD-188-181C/182B/183B/185A, defines a
TDMA communication system in an attempt to improve
satellite bandwidth utilization over conventional SATCOM
waveforms. To overcome some of the limitations of stati-
cally defined data rates for user communication services in
MIL-STD-188-183A/-, a new type of user communication
service that supports asynchronous data transfer (ADT)
was introduced in MIL-STD-188-183B. Unfortunately as
a satellite communication network becomes heavily
loaded, the allocation of large timeslots for high through-
put data services becomes increasingly difficult. By taking
advantage of the unique features of ADT user communica-
tion services, it becomes possible for a terminal to utilize
multiple smaller timeslots to attain the same throughput
that could be achieved using a single larger timeslot.

This paper will discuss a method to further improve the
utilization of satellite resources by allocating one or more
timeslots, each consisting of the residual space in a satel-
lite channel after all other services have been allocated, to
terminals requesting high throughput ADT user communi-
cation services.

1. INTRODUCTION

Through the utilization of geostationary satellites, termin-
als are capable of achieving beyond the line-of-sight com-
munications nearly anywhere within the footprint of a sa-
tellite system. Unfortunately, because of the enormous
cost of deploying each satellite, one or more channel
access techniques are typically employed. One channel
access technique that is currently employed in UHF
SATCOM systems is Time Division Multiple Access
(TDMA). TDMA protocols allow multiple terminals to
simultaneously utilize a single channel by splitting each
channel into timeslots which are allotted to terminals in the
form of multiple-access services.

2. THE INTEGRATED WAVEFORM (1W)

The Integrated Waveform (IW) was developed to further
improve the utilization of the existing UHF MILSATCOM
constellation until the Mobile User Objective System

(MUOS) was deployed and fully operational by employing
an advanced TDMA protocol. Through the support of
multi-h continuous phase modulation (CPM), the IW pro-
tocol allows more users to simultaneously utilize a single
satellite channel than with the legacy DAMA protocol
[1,2]. Additionally, the elimination of service configura-
tion and channel format restrictions within the IW protocol
provides the Network Management System with the flex-
ibility to select from a nearly limitless number of multiple-
access service configurations (Figure 2). By empowering
the Network Management System with the ability to allo-
cate each service practically anywhere within an IW
TDMA frame, the IW protocol facilitates the reuse of
channel space that has been historically wasted while uti-
lizing the legacy DAMA protocol [3.,4].
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Figure 1: Example of IW TDMA Timeslots

3. CHANNEL UTILIZATION LIMITATIONS

While there are several new features present in the IW pro-
tocol that improve the utilization of satellite bandwidth,
there are some limitations that hinder the ability of the
Network Management System to efficiently and effective-
ly allocate services within an IW communications system.
By adversely impacting service allocation, these limita-
tions reduce the ability of the IW protocol to improve sa-
tellite bandwidth utilization and diminish the benefits of
transitioning from the legacy DAMA protocol to the state-
of-the-art IW protocol.

1of7



Paper ID# 900150.PDF

3.1. CHANNEL FRAGMENTATION

Though the ability to allocate services nearly anywhere
within an [W TDMA frame has the ability to greatly im-
prove bandwidth utilization, the enhanced flexibility pro-
vided by the IW protocol also has the potential to leave the
channels under the control of the Network Management
System fragmented.
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Figure 2: Typical Initial Service Allocation

Similar to a system where objects of diverse sizes are
placed into a finite number of bins, for example a comput-
er hard drive, a given number of services within an IW
communications system will typically not fit perfectly
within an integral number of channels (Figure 2). Unfor-
tunately, the impact of this issue reduces the efficiency of
satellite bandwidth utilization proportionally to the level of
fragmentation within the service layout. Additionally, as
every satellite channel in an IW communications system
becomes fragmented, the allocation of services will be-
come increasingly difficult without the extensive dealloca-
tion and reallocation of services that are already active.
Furthermore the decrease in bandwidth utilization will in-
evitably lead to the denial of service requests, due to the
inability of the Network Management System to locate
enough contiguous channel space to allocate timeslots of
sufficient size in order to fulfill every service request.

3.2. LARGE TIMESLOTS

Although the elimination of service configuration and
channel format restrictions within the IW protocol pro-
vides the flexibility to select from a nearly limitless num-
ber of multiple-access service configurations, the alloca-
tion of large' timeslots for high throughput data services
can present a surprisingly difficult service allocation prob-
lem for the Network Management System. Furthermore, if

! Large services are those that consume at least one half of the available
time chips in a given TDMA channel.

allocation of large timeslots is not handled correctly, the
Network Management System can effectively reduce the
channel utilization of an IW communications system by
allowing large timeslots to interfere with the efficient and
effective allocation of all services within a given set of
satellite channels.

While the IW protocol allows the allocation of services
practically anywhere within an IW TDMA frame, the
number of valid timeslot locations which are suitable for
fulfilling the needs of a high throughput data request is
severely limited because large slots by definition consume
a significant portion of the TDMA channel in which they
are allocated. Furthermore, the allocation of a large time-
slot has a tendency to be extremely difficult in a congested
system, because the Network Management System is often
not able to locate enough contiguous channel space to al-
locate a timeslot of sufficient size to fulfill high throughput
data requests. Consequently, the timeslots for high
throughput data service requests are often allocated to an
available empty channel, i.e. one in which no other time-
slots are currently present, and occasionally denied if there
are no additional channels available. As shown in Figure
2, when the percentage of large timeslots allocated in re-
sponse to high throughput service requests is high enough
such that there is an insufficient number of smaller servic-
es which can be allocated adjacent to the large timeslots,
the communications system becomes highly fragmented
and more channels must be utilized to fulfill a given num-
ber of services requests.

Once a large timeslot has been allocated to a particular
TDMA channel, the options available to the residual time-
slot space within the channel in which the large service
was allocated are drastically reduced. In addition to mak-
ing the allocation of adjacent services more complex, due
to the reduction in the number of adjacent service options
and the increased difficulty of allocating an adjacent ser-
vice that does not have any slot contention, by consuming
such a significant portion of a channel the remaining num-
ber of time chips available for adjacent service is often less
than the minimum timeslot size necessary to fulfill an ad-
ditional service request. Unfortunately, the effect of this
issue is that the channel space adjacent to large timeslots is
rarely, if ever, used. Consequently, the IW communica-
tions system ends up in a state where the Network Man-
agement System would have been better off allotting high
throughput data requests to dedicated channels. While the
use of single access services would be a viable option for
service requests that would result in a large timeslot, utiliz-
ing this implementation will limit the channel efficiency
gained by employing a TDMA protocol, such as IW, by
limiting the number of channels available to multiple-
access services.
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Through the repeated simulation of an IW communications
system containing a given percentage of large services,
composed of random timeslot sizes, it was possible to ana-
lyze the impact of large service requests on the average
level of channel fragmentation in an IW communications
system. As shown in Figure 3, the amount of channel
fragmentation increases substantially as the percentage of
large timeslots within the IW communications system in-
creases. One particular concern is that the level of channel
fragmentation begins to increase when the percentage of
large timeslots in an I[W communications system reaches
as little as twenty percent.
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Figure 3: Initial Service Allocation Channel Utilization

4. RESIDUAL CHANNEL SPACE

As previously mentioned, and shown in figure 2, due to the
enhanced flexibility of the IW protocol there will inevita-
bly be a non-zero amount of channel fragmentation within
an [W communications system. Additionally, while the
residual channel spaces in an IW communications system
may contain enough contiguous time chips to support a
low data rate and high over-the-rate service, most users
want to be able to send their information as quickly and
reliably as possible and thus will need services that con-
sume larger timeslots. Furthermore, even if a service re-
quest was received by the Network Management System
that would result in a timeslot small enough to be allocated
in this space, the fixed I/O rate synchronous services that
were carried over to the IW protocol from the legacy
DAMA TDMA protocol will typically not consume the
entire residual channel space within a given channel. In
this situation, any leftover residual channel space will fre-
quently be wasted as the remaining channel space is often
insufficient to accommodate the minimum timeslot neces-
sary to allocate a TDMA service. Therefore, if there was a
way for the Network Management System to merely allo-
cate a certain number of contiguous time chips to a ser-
vice, and allow the terminal to utilize those time chips to

the best of its abilities, the residual channel space could be
optimally exploited and would result in an improvement to
the channel utilization of an IW communications system
while minimizing the impact on user communications per-
formance.

5. ASYNCHRONOUS DATA TRANSFER (ADT)
SERVICES

Fortunately there is a new feature in the IW protocol, in
addition to the enhancement in service allocation flexibili-
ty, which is capable of being utilized to facilitate the max-
imum usage of residual channel space within an IW com-
munications system while minimizing the impact to user
communications performance.

Asynchronous data transfer services (ADT) are a new type
of service that were added to the IW protocol to provide
enhanced data transfer capabilities to user terminals and to
provide the Network Management System with increased
service allocation flexibility. ADT services are capable of
providing a communications link that can support variable
rate data transfers by permitting the usage of timeslots of
nearly any arbitrary size. Additionally, once a terminal
has been assigned an ADT service, it is able to more opti-
mally utilize the channel space allotted by varying, on a
frame-by-frame basis, which modem is employed during
transmission.  Furthermore, because it can beneficially
assumed that terminals assigned to ADT services are also
utilizing an asynchronous data protocol, such as MIL-
STD-188-184[5], the amount of channel space provided by
the Network Management System in response to a service
allocation request does not need to exactly line up with the
quantity requested by the user. For example, if the allo-
cated timeslot for a requested ADT service is smaller or
larger than that requested, the terminal would still be capa-
ble of transferring data, albeit at a slower or faster rate.

By utilizing the ability to allocate an ADT service of arbi-
trary size the Network Management System can provide a
timeslot that more closely meets the needs of a service re-
quest by a terminal that can support ADT services. Con-
sequently, the channel space that would have otherwise
been utilized for the allocation of a fixed rate data rate ser-
vice can be utilized to accommodate future service alloca-
tion requests. Unfortunately, there are times when the
amount of channel space remaining in an IW communica-
tion system is sufficient to meet the needs of a service al-
location request, but because this space is not contiguous it
will seldom be utilized to fulfill the service request. As a
result, the Network Management System will either allo-
cate a timeslot that was smaller than what was requested
by the terminal or outright deny the service allocation re-
quest. Therefore, additional steps must be taken to avoid
not entirely fulfilling a service request when there is chan-
nel space available but that space is not contiguous.
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6. COMPOUND TIMESLOTS

Given that residual channel space fragments by definition
exist because the amount of contiguous channel space is
too small to be utilized in the allocation of a service to ful-
fill any realistic service request, there is no practical reason
why this limitation could not be removed through the use
of compound timeslots and the exploitation of the in-
creased service allocation flexibility and asynchronous
capabilities of the new ADT service type that was added to
the IW protocol.

Compound slots are a new concept, being proposed by this
paper, which would allow the Network Management Sys-
tem to allocate multiple timeslots, consisting of residual
channel space fragments, in response to a single service
allocation request. By combining two or more non-
contiguous and non-overlapping residual channel space
fragments into a single ADT service that meets the needs
of a service allocation request, the Network Management
System can overcome the aforementioned issue of under
allocation while still leveraging the residual channel space
fragments. Furthermore, if the initial service request could
not be completely fulfilled, due to insufficient channel ca-
pacity, additional residual channel space fragments could
be added to the compound service as more channel space
becomes available without impacting communications.

Compound Timeslot 2

Service request split
into two or more
compound timeslot

Timeslot Timeslot
fragments.

Fragment 1| Fragment 2

Fragments allocated
to residual channel
space in one or more
channels.
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Figure 4: Compound Timeslot Structure

Because the IW protocol allows a single terminal to auto-
matically connect to a certain number of services, once a
compound service is allocated by the Network Manage-
ment System, a terminal need only connect to all of the
allocated timeslot fragments. Then, while utilizing this
compound service, the terminal need only concatenate the
data received in each separate fragment to the asynchron-
ous stream of data being passed to a data layer protocol,
such as MIL-STD-188-184, for further processing. By
keeping the use of compound vs. normal services transpa-
rent to the user and external applications, no interface

changes would need to be made to incorporate this func-
tionality. Regrettably, most of the terminals that are em-
ploying the IW protocol are single channel and half duplex
systems that can only transmit or receive on a single chan-
nel at any given time. Consequently, the use of two or
more timeslot fragments increases the probability that a
terminal utilizing the compound service will be in slot con-
tention and will not be able to connect to the service.
Therefore, the residual channel space fragments assigned
to a service request need to carefully chosen by the Net-
work Management System so that each terminal is able to
connect to any compound UCOM service that it wishes to,
and still utilize whichever services are essential to main-
taining Uplink and Downlink acquisition.

7. CONSEQUENCES TO UTILIZING
COMPOUND TIMESLOTS

Although the employment of compound slots to utilize the
residual channel space fragments within the channels in an
IW communications system can improve channel utiliza-
tion, there are consequences to splitting up a service re-
quest into two or more separate timeslots.

7.1. SLOT CONTENTION

As was previously mentioned, the use of two of more
timeslots increases the probability that a terminal utilizing
the compound service will be in slot contention and will
not be able to connect to the service. Consequently, when
the Network Management System selects the residual
channel fragments that will compose a given compound
service, it is the responsibility of the Network Manage-
ment System to select a combination of residual channel
fragments that does not result in a compound service that
the requesting terminal is not be able to connect to. Unfor-
tunately, limiting the combinations of residual channels
fragments that the Network Management System can se-
lect from does have consequences, such as non-optimal
channel usage. Therefore additional techniques must be
used to mitigate the impact of the limitation and assist the
Network Management System with the selection of resi-
dual channels fragments to compose compound timeslots.

7.2. ADDITIONAL OVERHEAD

Though it is widely known that the use of TDMA tech-
niques to share a single channel among many users bears
some additional operating cost, mostly in the form of high-
er synchronization overhead, the use of compound time-
slots amplifies the amount of overhead per service request
by the number of service fragments utilized per compound
service. As a result, the use of compound services de-
creases the maximum possible channel utilization of an IW
communications system. Furthermore, if service requests
are allocated to compound timeslots in a haphazard fashion
the result could be a lower channel utilization then had
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compound timeslots not been employed. Therefore, it is
imperative that an algorithm be used that will result in the
lowest number of channel fragments per service in order to
reduce the additional overhead of utilizing compound ser-
vices.

7.3. OVER ALLOCATION OF
CHANNEL SPACE

The last consequence of utilizing compound timeslots,
which will be covered in this paper, is the possible over
allocation of channel space to a service request. Because
the main goal of allocating two or more channel fragments
to a single timeslot was to prevent the service request from
being under fulfilled, the possibility of over-allocating
channel space in response to a service request has not been
prevented. Therefore, the algorithm utilized to recover the
residual channel space must also carefully balance the
need to minimize the number of residual channel frag-
ments, usually by selecting the larger fragments, with the
desire to minimize the amount of channel space over allo-
cation by splitting residual channel space into two or more
timeslot fragments.

8. HEURISTIC ALGORITHMS

Because computing the optimal usage of residual channel
space fragments while taking into consideration the afore-
mentioned consequences of utilizing compound timeslots
is similar to the traditional bin packing problem, and there-
fore is a combinatorial NP-Hard® problem, the utilization
of a heuristic algorithm for this task within an IW commu-
nications system would be ideal.

Heuristic algorithms are a category of algorithms that are
capable of arriving at a solution to a problem much faster
than typical brute force methods, such as purely computing
every possible solution and choosing the most favorable.
Given that arriving at a perfect solution to an NP-Hard
problem is not likely without attempting every possible
combination, heuristic algorithms are capable of providing
improved run time performance by relinquishing the abili-
ty to guarantee an optimal result. Through the selection of
a heuristic algorithm with a provable lower bound [6], we
can be assured that an arbitrarily bad solution will not be
generated during the usage of the residual channel space
for compound services.

8.1. INITIAL SERVICE ALLOCATION

While the traditional BF algorithm is widely regarded as
the best overall on-line bin packing algorithm, and is use-
ful for the initial allocation of normal services within an
IW communications system, a modified version must be
employed when utilizing residual channel space fragments

2 NP-Hard problems are intrinsically harder than those that can be
solved by a nondeterministic Turing machine in polynomial time [8].

to overcome the aforementioned consequences of com-
pound services by minimizing the number of residual
channel fragments and limiting channel space over alloca-
tion. Furthermore, the computational complexity of O(n)
ensures that the modified BF algorithm minimally impacts
the run time performance of initial service allocation.
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Figure 5: Initial Compound Service Allocation Diagram

To utilize the modified BF algorithm the Network Man-
agement System will continue to allocate services as nor-
mal until a service that can be allocated with a compound
timeslot is requested and there is insufficient contiguous
channel space in the other channels in use to accommodate
the service request (Figure 5). When this occurs, the Net-
work Management System will attempt to fulfill the ser-
vice request by allocating a compound timeslot. Utilizing
the modified BF algorithm, the Network Management Sys-
tem accomplishes this task by first creating a list of the
channel fragments available in all channels in which one
or more services are allocated and sorting the residual
channel fragment list in descending unallocated space or-
der. After the channel fragment list has been sorted, the
protocol will iterate over the list of fragments and select
the fragments in which the difference between the residual
channel space and the requested channel capacity is mini-
mized in order to minimize the number of residual channel
fragments and limit channel space over allocation (Figure
6). If there are insufficient channel fragments to fulfill the
service request then a new channel will be utilized to com-
pensate for the difference between the amount of channel
space requested and that acquired from the residual chan-
nel fragments. If the IW communications system has been
over-allocated, and therefore there is insufficient available
satellite channel space for fulfilling the service request, the
Network Management System will allocate as much space
as possible and inform the system operator. The operator
may then resolve the issue by either giving the new service
request priority over other currently active services or dis-
regarding the service request error.
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Figure 6: Channel Fragment Allocation Diagram

Through the minimization of the number of channel frag-
ments utilized to allocate a service, and the reduction in
the amount of channel space over-allocation (Figure 7), the
modified BF algorithm is able to reduce the number of
channels necessary for the initial allocation of a given set
of services (Figure 2), compared to a typical first fit initial
service arrangement (Figure 3), thereby increasing the ef-
fective channel utilization of the IW communications sys-
tem.
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Figure 7: Compound Service Allocation

By simulating the initial allocation of services within an
IW communications system employing the aforementioned
modified BF algorithm to allocate ADT services with a
compound timeslot, and comparing the results to that of
the typical initial service allocation method, it is possible
to evaluate the effectiveness of utilizing the modified BF
algorithm for initial service allocation. As shown in Fig-
ure 8, the modified BF algorithm decreases the amount of
channel fragmentation given any quantity of large services
and considerably improves the scenarios when there is a
significant portion of large timeslots.
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Figure 8: Initial Compound Channel Utilization

8.2. SERVICE RELOCATION

While the Best Fit (BF) algorithm is among the best on-
line bin packing algorithms, and therefore is beneficial in
the initial allocation of services within an IW communica-
tions system, when additional information is available the
usage of a more complex off-line bin packing algorithm
can be employed to maximize the benefits of utilizing re-
sidual channel space fragments and further mitigate some
of the negative consequences of compound services.

Once the Network Management System receives a service
request that can not be fulfilled, because none of the avail-
able satellite channels have sufficient contiguous channel
space for fulfilling the service request, the Network Man-
agement System will initiate the dynamic defragmentation
of the IW communications system. To utilize the reloca-
tion algorithm the Network Management System will first
create a list of all services that need to be allocated within
a given set of satellite channels. Prior to beginning the
relocation of any services, the Network Management Sys-
tem must sort the service list into descending timeslot size
order. Though seemingly a minor step, the sorting of the
service list is one of the main differentiators between the
relocation algorithm from the initial allocation algorithm
and provides the greatest reduction in channel fragmenta-
tion. After the service list has been sorted the Network
Management System will iterate over the sorted service list
in descending order and attempt to place all but the N’
largest services that can utilize compound timeslots into a
valid timeslot using the aforementioned initial allocation
algorithm. The Network Management System will then
create a list of the channel fragments available in all chan-
nels in which one or more services are allocated and sort

3N is determined based on the current level of channel fragmentation
when all services are allocated within a given set of channels.
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this list into descending unallocated space order. Follow-
ing the sorting of the channel fragment list, the protocol
will iterate over the list of channel fragments and allocate
the fragment to the compound service, from the reserved
service list, in which the difference between the residual
channel space and the requested channel capacity is mini-
mized (Figure 9). If at any time during the algorithm the
allocation of an existing service fails, though unlikely in a
well managed system, the Network Management System
will deny the new service request, abort the process, and
inform the system operator that a request was denied due
to insufficient capacity.
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Figure 9: Compound Service Relocation Diagram

Through the employment of the relocation algorithm the
Network Management System is not only capable of utiliz-
ing compound services to make use of the residual channel
space in an IW communications system, but the level of
channel fragmentation is in fact improved by 4 - 5% over
that of the initial service allocation utilizing the previously
illustrated modified BF algorithm (Figure 10).
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9. SUMMARY

Through the use of the IW protocol it is possible to greatly
improve the communications capabilities of the existing
UHF MILSATCOM constellation by allowing more ter-
minals to simultaneously utilize a single MILSATCOM
channel than with the legacy DAMA protocol. Regretta-
bly, the allocation of large timeslots and channel fragmen-
tation hinders the ability of the Network Management Sys-
tem to efficiently and effectively allocate services and
diminishes the benefits of transitioning from the legacy
DAMA protocol to the state-of-the-art IW protocol. For-
tunately the addition of the ADT service type empowers
the Network Management System with the ability to allo-
cate compound services and facilitates the usage of the
residual channel fragments within an IW communications
system. By utilizing a modified Best Fit and service relo-
cation algorithm in the initial allocation and reallocation of
compound services within an IW communications system,
in conjunction with the employment of the new ADT ser-
vice type, the Network Management System can overcome
the aforementioned limitations to the IW protocol and im-
prove the utilization of limited satellite resources by 10 -
25% over that of a typical IW communications system.
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