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ABSTRACT:

A new manpack radio concept is presented which supports UHF
satellite and U.S. cellular telephone communications. At UHF, 5 kHz
and 25 kHz DAMA standards are supported as well as a new multi-
channel DAMA which provides greater network capacity and
connectivity. A nonconventional radio architecture is proposed
employing distributed signal processing for enhanced capabilities,
lower power consumption, and reduced internal electromagnetic
interference.

Cosite communications issue are specifically addressed for
UHF. New algorithms for 5 kHz DAMA signal acquisition and tracking
are presented as well as for other communication modes of
operation. A complete radio architecture is presented and discussed
in depth.
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1.0 Summary of Principle Findings and Introduction:
dvance s i inal T

The findings presented in this Phase I SBIR report describe a
manpack radio concept which should substantially outperform
existing manpack UHF radios while keeping cost elements comparable
to or lower than existing hardware solutions. This has been
accomplished in part by utilizing existing component technology
from the cellular industry combined with proper architectural
choices as initially described in our Phase I SBIR proposal [2].
Some of the most important findings are summarized here:

1). Link margin analysis for inter-AMST communication wvia UHF
satellite revealed that substantial battery power savings is
possible by having power level control at the AMST transmitter
since 10 watts or less 1is generally sufficient for
communications. In cases where 10 watts was insufficient, 20
watts was insufficient for reliable communications as well
(Appendix II).

2) Receiver preselection filtering is mandatory for simultaneous
cosite operation of multiple AMSTs. Simple calculations showed
that LST-5 vintage radios must utilize physical separations on
the order of 400 feet worst case in order to communicate
simultaneously without interference. In sharp contrast, inter-
radio distances on the order of only 20 feet would be adegquate
for the AMST (Appendix XII).

3) Moderate transmitter waveform shaping can reduce the
modulation sidebands of the 5 kHz DAMA waveform from roughly
12 dB per octave to more than 50 dB per octave with fairly
negligible E,/N, performance degradation (Appendix I). This
improved sidelobe performance is mandatory for stringent
cosite operation (Appendix I,XII) and can also be extended to
SBPSK which is used in 25 kHz DAMA operation.

4) Inclusion of interoperability with the U.S. cellular telephone
band is highly advocated. Not only is the TDMA waveform ( 7/4-
DOPSK ) being used for TDMA digital cellular, it is also being
advocated for future military radios to realize improved
spectral efficiency [14]. Providing cellular interoperability
would greatly enhance the AMST, and its inclusion can be
accomodated with only moderate hardware impact.

These f£indingse alone when addressed in the AMST would dramatically
relieve present-day user constraints for UHF SATCOM and line-of-
sight (LOS) operation. Before diving into our additional findings
further however, we will first examine the mechanical concept
developed for the AMST.

CowFocus Corporation 7
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An artist’s conceptual drawing of the AMST with attatched
battery is shown in Figure 1. The dimensions of the AMST are
equivalent to those of the Motorola LST-5 radio. A front view of
the operator’s control panel is shown in Figure 2 where the front
panel is purposely void of numerous switches and control knobs. The
user interface envisioned for the AMST utilizes a panel mounted
alpha-numeric display (with additional icons) as shown in order to
(i) provide a completely reconfigurable user interface for multiple
armed services usage, (ii) permit user alterations without costly
mechanical alterations, and (iii) simplify keystroke operations by
guiding a user through a logically oriented window tree. Attention
has been given to the needed COMSEC interface in the lower portion
of the front panel where mechanical switches are used rather
relying upon operation via the software radio interface.

)

4.96 -

2.19

3.37

Figure 2 AMST Front Panel Concept
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This Phase I SBIR report has been organized in a structured

manner in order to enhance readability as much as possible. Most of
the highly technical discussions have been puposely placed in the
technical appendices and only the key findings are reported on in
the main body of the report. Many other findings were also obtained
during this research which are worthy of mention in this
introduction:

5)

6)

7)

8)

9)

10)

The need for sophisticated digital filter implementations
within the AMST even in the presence of severe adjacent
channel interference should not be reguired. Although more
complicated digital filters may be required for
interoperability with emerging digital cellular systems,
simple integrate-and-dump matched filters should suffice for
the AMST (Appendix XIII). Although some digital filtering is
required for transmitter waveshaping, this occurs only during
transmit operation when 50 mA more current drain for this
function is less an issue.

Although the desire to include a GPS capablility within the
AMST admits a despreading capability for spread spectrum
within the AMST, this fact does not lend itself to an easy
1mplementat10n of CDMA digital cellular or full GPS within the
AMST since both waveforms are inherently multi-channel in
nature. A more conventional spread-spectrum approach is
however pnssihle in the AMST which retains the narrowband
channel features of the UHF SATCOM modes while accomodating
the inherently wideband features of spread spectrum
communications as discussed in Appendix XI.

Bandpass sampling techniques were developed which permit the
AMST to receive all of the normal military communication data
rates plus the data rates to be used by future TDMA and CDMA
digital cellular systems. A new Hilbert transforming technique
was developed which permits this operatlon to be performed
with strictly sehift and add operations (Appendix III) if
desired.

New technigues for 5 kHz DAMA signal detection and acquisition
are proposed which are very robust and can lead to net entry
times 50% shorter than presently specified ( i.e., 45 seconds
rather than 90 seconds ) as discussed in Appendix IV, These
same technigues may be extended to 25 kHz DAMA as well.

New error metrics for simultanecus symbol timing and carrier
phase recovery operations were developed to further enhance
acquisition performance for the 5 kHz DAMA modes as discussed
in depth in Appendix V.

The detailed hardware design makes use of standard device

ComFocus Corporation 10
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technologies readily available thereby shortening design times
and lowering unit cost (Appendix VI,VII).

11) Inclusion of TDMA digital cellular capability within the AMST
is possible with only minor additions to the overall radio
(Appendix VI,XIII).

12) Advanced waveforms such as trellis coded modulation are not
advantageous for E,/N.-limited communication links such as
those generally used in AMST communications (Appendix IX).
Therefore, further consideration was deferred.

Of the technical items cited above, the cosite and 1ink margin
related results carry potentially the most significant weight in
dictating design elements for the AMST. This is largely true
because cosite performance dictates a different design philosophy
be adopted for virtually the entire radio. As contended in [2],
these considerations must be placed at the forefront of the design
effort.

Many other low-level conclusions are  drawn throughout the
technical appendices which are too numerous to mention here.
Sufficient detail has been included wherever possible to provide
insight into these findings as well.

The first discussions of this report |pertain to
interoperability with other non-military communication systems
which may be very desirable for inclusion within the AMST. The main
body of our report then follows.

ComFPFocus Corporatisn 11
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2.0 Interoperabilitv with a World of Communications

"Oover the past three years, the interest in wireless
communications has been nothing less than spectacular," to quote
Dr. Theodore Rappaport writing in IEEE Communications Magazine
November, 1991 [1]. Fueled by the military communications research
of the 1%70s and 1980s, emerging systems promise to have
sophistication and performance rivaling even some of the most
complicated military systems in existence today. This is
particularly true in the UHF SATCOM arena where communications have
not been hardened using exotic anti-jam (AJ) and low-probability
intercept (LPI) techniques.

With declining defense budgets and what is perceived as a
safer world, the need for sophisticated military communication
systems which anticipate a sophisticated threat have diminished
greatly. Furthermore, economic factors combined with the explosion
in commercial communications have resulted in tremendous innovation
also occuring outside military circles. As we saw in Desert Storm,
the ability to supplement normal military communications with
commercial equipment (e.g., GPS receivers, cellular telephones,
etc.) provided a cost effective, rapid response alternative which
due to simple economics will no doubt occur in the future if
necessary. Therefore, compatibility with emerging commercial
systems where feasible is viewed as a necessary requirement for the
Advanced Manpack Satellite Terminal, AMST.

Aside from coverage of the traditional military UHF SATCOM
band 225-400 MHz, deciding what other capabilities should be
included within the AMST has been one of the most difficult issues
to address. This report therefore begins with a discussion of the
some of the options available.

A Proliferation of Communications

Even though it is desirable to include overlap with commercial
systems in the AMST, it is imperative that the prime objectives of
the AMST not be compromised in attainment of that goal. Borrowing
from our SBIR proposal submission [2], we maintain that

"the AMST effort must be focused to 1) provide maximum
satellite throughput at a reasonable cost thereby supporting
a proliferation of users, ii} consume little power to support
extended missions, and iii) be based upon architectural
choices which do not render it obsolete overnight as newer
technologies and requirements emerge."

ComFocus Corporatlion 12
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The next decade promises to be one of tremendous change for
wireless communications. Potentially large redistributions of
spectrum resources may well accompany these changes and military
users will have to accomodate the changing times alsoc. In 1989,
congressmen Dingell and Markey proposed the Emerging
Telecommunications Technology Act (HR-2965) which proposed to
reallocate 200 MHz of +the spectrum presently allocated to
government use [5] for instance. In many respects, this should not
come as a surprise given that roughly 40% of the spectral resources
from 10 kHz through 10.5 GHz are presently allocated for exclusive
use by the United States government [5]. Therefore, it is
reasonable to assume that the utility of the AMST can only benefit
if it overlaps existing communication services which will
unquestionably grow during the next decade (e.g., cellular
telephone).

In the next few paragraphs, we will briefly review some of the
most pronising emerging commercial communication systems with an
eye toward inclusion within the AMST.

Land Mobile Radio (ILMR)

Since its first use in the early 1520s, LMR has expanded and
evolved steadily, and today it is estimated that there are several
tens of millions of LMR users in the U.S. alone [14]. It should be
noted that LMR excludes cellular radio telephone as well as
military combat radio systems from this terminology even though
they operate within the same VHF and UHF bands.

In September 1989, the National Communications System (NCS)
Office of Techneclogy and Standards approved Fed Std 1023 which
defined interoperability requiremente for one category of encrypted
12 kbps CVSD voice digitizers operating with 25 kHz channel FM
radios at frequencies above 30 MHz [15]. This standard was regarded
as an interim standard only. In June 1988, GTE Government Systems
began providing technical support to the DoD in their development
of a future digital LMR standard to be designated as Fed Std 1024.
The principle objectives for Fed Std 1024 include:

1) a modulation technique permitting operation with 12.5 kHz
or 6.25 kHz channel spacings,

2) inclusion of the government standard 4800 bps voice
digitization technique know as Code Excited Linear
Predictive (CELP) coding,

3) reliable initial and late-entry synchronization in the
fading/multipath environment typical of VHF/UHF radio
channels.

ComPocus Corporation
29 March 1992 13
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Although Fed Std 1024 goes a long way to modernize LIMR
systems, since the standard can only apply to new systems,
equipment availability given the shrinking defense budget is at
best questionable in the near future. Therefore, a explicit AMST
interoperability with LMR at this time is not advocated.

A number of the components of Fed Std 1024 are however
noteworthy in that they appear in a number of other systems which
will be discussed momentarily. Specifically, the standard calls for
12.5 to 6.25 kHz channel spacings and the n/4-QPSK waveform which
ig planned for the next generation of (digital) cellular phones in
the United States. The real issues of interoperability then remain
in the transmission modes and formats.

Personal Communication Networks (PCN) and Personal Communication
Services (PCS)

PCNs and PCSs promise to show the most dramatic worldwide
growth during the next decade of any of the emerging communication
technologies. Analysts put annual U.S. revenues at somewhere
between %$33 and $55 billion by the year 2000. Fven with this
recognized world market potential, the United States has not
allocated any spectrum for these services to date [1]. The United
Kingdom is viewed by many as the 1leading country for PCS
initiatives. They see users using 10 mW portable terminals to
provide communications.

The pervasiveness of PCNs will be made available by an immense
infrastructure of low-power suitcase sized base stations which will
access the local telephone loop in populated areas. The low-power
element has a natural appeal for portable communications and is
also advantageoue in that the system capacity can be increased by
making each cell smaller [4] (When the radius decreases to less
than one mile, a cell is commonly called a microcell.)

Due to the very nature of PCNs, communications will be limited
to areas having the forementioned immense infra-structure to
support such communications, e.g. metropolitan areas of highly
developed countries. Given the additional spectrum issues which
have yet to be legislated in the United States, and many other
technical issues, AMST interoperability with emerging PCNs is not
advocated at this time.

Mobile Satellite Communications

Until late in the last decade, mobile satellite communications
were only provided by Inmarsat-A. Over the next few decades, it is
anticipated that mobile satellite communications will experience
dramatic growth [8].

comFocus Corporation 14
29 Marc<n 1992




SBIR AF91-030

At present, all communications between satellites and mobiles
are at L-band, specifically:

Satellite to Mobile 1530.0 - 1559.0
Mobile to Satellite 1631.5 - 1660.5

These bands were further divided by the 1987 WARC to service a
number of different user groups {8].

Table I.
L-Band Frequency Bands Allocated ¢to Mobile Satellite
Communications at the 1987 WARC

DownlLink, MHz UpLink, MHz Services

1530 - 1533 1631.5 - 1634.5 Maritime mobile and
land mobile

1533 - 1544 1634.5 - 1645.5 Maritime mobile and
land mobile

1544 — 1545 1645.5 — 1646.5 Emergency and
distress

1545 - 1555 1646.5 - 1656.5 Aeronautical mobile
and safety services

1555 ~ 1559 1656.5 - 1660.5 Land mobile;

airborne and marine

Most of the currently used satellites merely amplify and
frequency translate the received signal from the uplink prior to
transmission over the downlink. Almost all satellites are
geosynchronous at 42,162 km which implies certain time delay and
antenna issues which must be addressed. Inmarsat is the only
organization providing satellite communications services worldwide
to all modes of transportation by air, land, and sea [9].

Most mobile satellite services which offer voice and data
capabilities are future and to a large degree tenative.

Table II.
Mobile Satellie Systems Offering Voice and Data Services
( Puture initial services dates are only tenative.)

Mobile System Region  ____ _Available
Inmarsat—aA Global 1976
Inmarsat Aeronautical Global 1990
Inmarsat-M Global 1993
Inmarsat-B Gleobal 1993
MOBILESAT Australia 1993
MSAT North aAm. 1994

ComFocus Corporation 15
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Table IIT.
Summary of Voice Transmission Characteristics

System Voice Coding Rate Data Rate Modulation RF BW
Inmarsat-A Not Applicable Not Appl. FM 50 kHz
Inmarsat Aero. 9.6 kbps 19.2 kbps 0QPSK 17.5 KHz
Inmarsat-M 4.2 kbps 6.4 Kkbps OQPSK 10 kHz
Inmarsat-Bl leé kbps 21.33 kbps OQPSK 20 kHz
MOBILESAT 4.2 kbps 6.4 kbps /4 QPSK 7.5 kHz
MSAT 4.2 kbps 6.4 kbps /4 QPSK 7.5 KkHz
OOPSK )

Several companies have embarked upon very aggressive plans to
provide mobile satellite communications over the next decade.
RadioSat® is developlng a mobile satellite system which will
provide integrated services to consumers including communications
and navigation [6]. The broadcasts will include nationwide digital
audio broadcasts, data broadcasts and 2-way communications. This
system will use the MSAT satellites which are scheduled for launch
in 1994.

The Iridium® satellite-based personal communications system
being developed by Motorola will bring cellular telephone service
to virtually every point on the globe [10]. It will use a
constellation of 77 satellites in low polar orbit at an altitude of
420 nautical miles resulting in at least one satellite in radio
line of sight from every point on the earth. Iridium is still in
development and the satellite design will not be frozen until early
1992. The system will not be operatlonal before 1997. The
satellites are interconnected via microwave crosslinks. The radio
1inks between users and satellites will operate somewhere in the
1600-1700 MHz region of L-band.

Given that most of the mobile satellite systems are only now
in their planning stages, AMST interoperability is not advised at
this time. Other important issues such as system capacity remain to
be studied and evaluated as well. The time table for the SBIR Phase
II effort further precludes including an AMST interoperability at

this time.

lRadioSat is a trademark of Radio Satellite Corporation

2Iridium is a trademark and service mark of Motorola, Inc.

CcomFocus Corporation 16
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Cellular Telephone

Cellular telephone technology is perhaps the most mature
wireless communication form which is part of the emerging
communications explosion. Even so, the industry is bantering
standards back and forth at this moment for a next generation
cellular telephone standard. An excellent current overview of
mobile radio can be found in [11].

In early 1990, the Cellular Telephone Industry Association
(CTIA) and Telecommunications Industry Association (TIA) approved
Interim Standard 54 (IS-54) which specified a dual-mode cellular
radic transciever that uses both the analog FM (the present day
inited Stated Advanced Mobile Phone System or AMPS standard) and a
linearized #/4-Differential QPSK modulation format with a Code
Excided Linear Predictive (CELP) speech coder (called the U.S.
Digital Cellular or USDC standard) [3]. USDC utilizes TDMA and
advanced speech coding technigques to increase system capacity
roughly 3-fold over existing analog system capacity. Even though
work has been in progress several years for this next generation
cellular system, no dual-mode systems are operational at this time.

In February of 1990 just after the CTIA adopted IS-54,
Qualcomm put forth its proposal for CDMA. This action caused quite
a stir in the industry and over time, almost every major cellular
radio service provider has since been conducting their own field
trials to evaluate competing standards. It is therefore unclear if
the Inited States digital cellular radio systems will be completely
compatible throughout the country or not [1]. In contrast to the
dual-mode system approach, Qualcomm has demonstrated a full-up
working system in several cities within the U.S. and similar trials
will be conducted globally over the next several months. The CDMA
field results released in December, 1991 and January, 1992 showed
dramatic capacity increases compared with the dual-mode system
projections. These results will unguestionably shake the cellular
industry, the implications upon IS-54 being of course unknown at
this time.

In contrast to the USDC standard, the European digital
cellular system (called Group Special Mobile or GSM) was developed
for a brand new spectrum allocation in the 900 MHz band. It was
developed to ensure that a single access and equipment standard
would be used throughout the European continent. GSM is the world’s
first TDMA cellular system standard, and uses a constant envelope
modulation format to gain power efficiency (class C amps) over
spectral efficiency (constant envelope modulation has a smaller
bits per hertz of RF occupancy than does linear modulation). GSM
uses an equalizer and slow frequency hopping to combat multipath.
CSM requires a large RF bandwidth (200 kHz) in order to support its
high data rate of approximately 271 kbps. A comparison of the major
cellular mobile radio systems in service and being developed is
provided below.

ComFocus Corporation 17
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Although this overview of cellular systems has been very
brief, there is substantial evidence to support inclusion of an
AMST 1nteroperab111ty with cellular systems. Only a question of
which cellular system(s) to include remain.

Aside from the GSM European standard, the maximum RF bandwidth
required with any of the cellular technologles listed above is 30
kHz. Given the 25 kHz UHF TDMa/DAMA Waveform [16] requlrements for
UHF SATCOM operation, accomodating a 30 kHz bandwidth in the IF
proce551ng portlon of the AMST should not pose any major
difficulties. It is therefore quite reasonable for the AMST to
accomodate at least a portion of the receive band (869-960 MHz) and
the transmit band (824-940 MHz) based upon Table IV permitting
potential operation with all of the major cellular systems
excluding GSM. Due to the shere processing bandwidths required for
GSM, it will not be considered further.

Within the cellular services, there are (i) analog, (ii) TDMA
digital, and (iii) CDMaA digital waveforms to consider. analog
cellular presents no specific challenges for inclusion in the AMST.
The latter two waveforms deserve individual attention.

TDMA digital refers to the USDC or IS-54 standard mentioned
earlier and utilizes the w/4-DQPSK waveform, almost the same
waveform stipulated in Fed Std 1024 for LMR. The TDMA approach
requlres fairly substantial adaptive equalization within the
receiver for good performance, this factor no doubt contributing to
the fact that no dual-mode systems are operational to date. The
linear (nonconstant envelope) modulation further reguires the
transmitter power amplifier to be linear which is generally less
efficient than the nonlinear class-C variety which is normally used
with constant envelope waveforms.

Thus far, 1little detail has been given about the Code Division
Multiple Access (CDMA) approach being developed by Qualcomm.
Although this approach is substantially more complex than the IS-54
standard, it offers substantially higher system capacity as well as
several other desirable features. These additional features
include:

- inherent immunity to multipath (and limited jamming) due to
the spread-spectrum nature of the waveform,

- operation with substantially lower C/N ratios which translate
into less required transmitter power,

- an automatically built-in degree of privacy,
- dramatically smaller cell site hardware installations,

- a soft programmable tradeoff between power consumption (C/N)
and voice quality.

ComPocus cerporat.i.on 19
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At the time of this writing, the competition between CDMA and
TDMA digital cellular is only beginning. Most experts agree that
the market will decide which technology is favored in the future.
Although Qualcomm is developing the chip set for CDMA, no advance
information is yet available on these devices. One positive note
here is that Qualcomm is under contract to NYNEX to develop a
handheld CDMA phone using this chip set. This factor will virtually
guarantee that the implementation will be as 1low in power
consumption as possible.

Even though very good power level control must be maintained
for the CDMA approach to be successful (typically 80 dB dynanic
range), from a power amplifier point of view, this task is probably
no lese difficult to achieve than is the linearity requirement for
7/4-DQPSK for the IS-54 standard. While it is true that PN code
spreading and de-spreading must also be provided in the CDMA radio,
if we assume that the AMST also includes a GPS receive capability,
the additional impact is conceivably minimal. As discussed in
Appendix XI however, detailed elements of the CDMA approach make
interoperability impractical for the AMST and a full implementation
of Qualcomm CDMA will therefore not be considered further at this
time.

Summary of Desired Interoperability

Based upon the foregoing discussions, the interoperability
goals being adopted for the AMST include the following systems:

1) standard military UHF SATCOM and line of sight
2) GPS 1. (single-channel)
3) cellular telephone

analog '

TDMA #/4-DQPSK

The degree to which these objectives can be achieved within
the AMST and the tradeoffs which must be made consume the balance
of this SBIR Phase I investigation. Although a number of necessary
technical requirements concerning (2) and (3) above are considered
in this report, UHF SATCOM remains the primary emphasis.

ComPocus Corxporation
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3.0 cCornerstone Concepts

The Phase I SBIR proposal submitted [2] advocated a number of
cornerstone architectural concepts which were to guide the entire
AMST‘effort. This perspective has not changed as a result of the
studles_reported on here, but has in fact been strengthed. It is
worthwhile to discuss our findings in the context of these
pronounced architectural choices here in some detail.

The first key cornerstone which was given in [2] was that

"The unavoidable EMI problems present within a small envelope
such as the AMST, combined with the need for a robust receiver
front-end to cope with other users in close physical proximity
can most effectively be met using an up-conversion receiver
architecture."

The need for an upconversion receiver has been adhered to
throughout this investigation, the receiver frequency plan clearly
showing this choice in Figure 3. Compared to the original frequency.
plan in [2] which advocated a first IF of 2101.5 MHz as shown in
Figure 4, the proposed first IF for the AMST has been lowered to
1054 MHz in order to take advantage of the dielectric filter
technology available at that frequency range in connection with the
cellular marketplace. As shown in the more detailed analysis
presented in Appendix VI, this change still delivers excellent
spurious performance with the added advantage that component and
material cost (as well as test equipment cost) will be
substantially lower at this frequency.

The problems associated with cosite operation which were
recognized in the proposal phase are substantiated in Appendix XII.
Using fairly simple models, it can be shown that substantial
receiver desensitization occurs in cosite operation with radios
such as the LST-5 ( which do not have receiver preselection or
transmit post-driver filtering ) unless new design choices are made
for both the receiver and transmitter portions of the radio.
Additional spectral shaping as developed in Appendix I a}so leads
to much better cosite performance. In command post operations, the
AMST should be capable of operation within 20 feet of another AMST
unit as compared to more like a minimum of 400 feet with more
conventional radios (Appendix XII).

pPart of our attention to the internal radio EMI issues is
represented by the forementioned receiver frequency plan shown 1n
Figure 3. Although the use of multiple IFs may at t;rst seem
undesirable, they are ideally suited for the AMST. The high f%rst
IF (1054 MHz) is necessary as advocated earlier for good spurious
performance. The second 1IF (71.2075 MHz) is ?dequately high so as
to ease the stopband requirements upon the first IF filter and is
also a very good choice for receiving the cellular telephone band
as shown in Figure 5. While it is true that the downconversion from
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SBIR AF21-030

this IF to 455 kHz could have been done directly, this choice would
have resulted in almost all of the receiver gain being placed at
one low IF which could easily result in stability problems as well
as EMI problems. Instead, the gain is distributed fairly equally
between thg last two IFs thereby mitigating these concerns. As
shown 1in Figure 3, these choices result in very standard filter
frequencies for 2 of the 3 final IFs and creation of the local
oscillator (LO) frequencies is very straight forward. Only the US

cellular band portion of the 869-960 MHz band i i
AMST 1in order to Keep complexity low. nd is covered in the

860 - 894 712076 M
MHz Hz

N

470.10375 -
48260375 MHz

Figure 5 AMST Downconversion for Reception of the US
Cellular Telephone Band (869-894 MHz)

The second key cornerstone we presented in [2] was

"The frequency synthesis function which is needed for both the
receive and transmit operations should be tailored separately
and specifically for each mode respectively in order to reduce
power consumption while not sacrificing the attainment of
superior transmit spectral purity and accomodating future
advanced modulation waveforms."

one of the key ingredients proposed in [2] to achieve this
objective was the use of a single-loop fractional-N frequency
synthesizer which could provide the needed receiver LO with very
low power consumption while tolerating somewhat degraded
performance. In situations where petter phase noise and spurious

comFoocus Propristary 2 4
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performance was reguired, the fractional-N loop was to be combined
in a three-loop configuration. This approach has been retained as
shown in Figure 6. & number of the concepts planned for +the
fractional-N synthesizer are ComFocus Proprietary, but are
nonetheless discussed in considerable detail in Appendices VII and
VITI.

originally in [2], a direct-digital synthesizer (DDS) approach
was advocated for the transmit function as shown in Figure 2.
Although this appreoach is quite adequate for the shaped QPSK and
BPSK waveforms required for UHF SATCOM operation, this is not true
for unshaped waveformns and for linear modulation such as the #/4-
DQPSK waveform utilized in the American and Japanese digital
cellular telephone eguipment. Therefore, no DDS is used to create
the modulation waveform in the AMST.

250 - 500 MHz
250 kHz AF = 100 Hz

Synthesizer /—'

/20 20 - 25 MHz

47

10 Mz —— 1588
Phase Loop i
Det Eilter @ 402.3 460.5\)JHF X
e
== ><
Coarse
Synihesizer
1 MHz 270 - 525 MHz

AF =5 MHz

N 4701 - Cellular  RX
Fractional - N oy
296- UHF RX

1338 - Cellular TX

Figure 6 Top Level Block Diagram of the AMST Frequency
Synthesis Function

The third cornerstone concept identified in [2] was that

j j i lation, carrier
uThe latest algorithmic advances 1n demodu p
recovery, synchronization, etc: should bg reseayched" to
provide the best overall system implementation possible.

ComFocus Corporation 2 5
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Considerable effort was spent in addressing the necessary signal
processing algorithims required within the AMST and the results are
detailed across six of the technical appendices provided. Acs
advocated in [2], dedicated hardware will be used to perform most
of the numerically intensive calculations within the AMST and
digital signal processors will only operate at sampling rates no
higher than the baud rate.

Several new signal processing concepts were identified through
the course of this effort. One of the more important results found
was that the transmitter waveform TOQPSK used in the 5 kHz DAMA
mode (and 25 kHz DAMA shaped) could have its spectral sidelobes
reduced substantially by angular filtering (Appendix I). A fairly
modest amount of filtering substantially reduced the sidelobe
spectral content. The smoothing temporarily adopted in this study
was that of an N=4 Butterworth filter having BT= 0.8. The transmit
spectrum with and without this shaping is shown in Figure 7. Not
only is the spectral containment improved, the asymptotic rolloff
rate which is really more important for UHF SATCOM cosite operation
is improved considerably. The effects of finite numerical precision
are evidenced in curve B for normalized offset frequencies
exceeding approximately 3.2.

TOQPSK Spectrum Lim & Fil
20.00
0.00 lomeg
~20.0 S—
~40.0 - N
) N
-60.00 L\‘\ﬁ\\ AL
-80.0
N
-100. S —
-120.00 °

0.00 0.80 1.60 2.40 3,20 4.00 4.80 5.60

Figure 7 TOOPSK Spectrum with Phase Filtering _
g Power Spectral Density, dBc 'Versqs Normalized
Bandwidth. (A} TOQPSK with No Filtering
(B) N=4 Butterworth, BT= 0.80
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Fairly minor eye closure resulted from the additional transmit
waveform shaping as shown here in Figure 8. Although some
additional intersymbol interference results from this approach, as
shown in Appendix V, the impact is not severe.

The AMST utilizes bandpass sampling techniques in order to
convert from the final radio IF signal to in-phase (I} and
quadrature-phase (Q) samples as introduced in [2]. This technique
was refined considerably in Appendix III where a sampling rate of
96 kHz was found which nicely meets all of the regquired symbol
rates and also resulted in a very convenient final IF (456 kHz).
The low sampling rate is ideal for low power consumption and 10 to
11 bit A/D converter components. A new algorithm was also derived
for performing the necessary Hilbert transform operation using only
simple shift and add binary operations and its performance was
evaluated in detail. If adopted within the AMST, interpclation
errors using this new approach result in an output signal to noise
ratio floor of approximately 20-25 dB which is still certainly
adequate. Detailed analysis of the sampling rate used compared to
the analog-to-digital (A/D) device technology available showed that
aperture jitter effects in the A/D converter will not be an issue
in the AMST configuration being advocated. Since the bandpass
sampling rate is fairly low (<100 kHz), many digital signal
procaessing alternatives are possible.

Fye Diagram

1.20

0.80
0.40

-0.00

-0.40

-0.80

-1.20
0.00 0.40 0.80 1.20 1.60 2.00

Figure 8 Data Eye Pattern for Phase Argument Filtering
N=4 Butterworth, BT= 0.80
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' Some _of the signal processing alternatives possible are
discussed in Appendix XIII. Several ComFocus proprietary technigues
for AM and FM reception are discussed there. Arbitrary filtegin
funcylons and use of the residue number system (RNS) are alsg
considered. Owing to the low sampling rate used within the AMST
the Kenyan double and halve algorithm is proposed for implementin’
multiplication operations within the AMST with or without usin RNg
techp1que§. Finally, a standard integrate-and-dump matched fglter
receiver is considered for TOQPSK reception and it is shown that
;zTﬁdéigﬁggtadjaCﬁ?; channel interference can be tolerated quiie

resortin i i igi i

receiver filtering, g to more sophisticated digitally implemented
o ‘Fairly extensive work was performed in co i j
initial acquisition of the 5 kHzpDAMA waveform {ﬁuiggéﬁhfir?§ tiz
pointed out there, initial acquisition is one of the most diffiéult
problemg facing the AMST. Stochastic process methods were developed
in de?a%l which show excellent initial freguency error estimatﬁon
cgpab}l}ty. They were further compared with traditional frequency
discriminator techniques which have been used in the past as well.
as the more optimal Bellini wethod. The initial signal detection
issue was also considered and a sufficient test statistic closely
related to the frequency estimation process was identified for
assessing signal presence.

Tpe results from Appendix IV were then carried over into
Appendix V where extensive investigations of the signal processing
for 5 kHz DAMA are presented. Using the previous appendix results,
the net entry performance for the AMST was examined and guidelines
developed whereby the mean-time to net entry can be reduced by as
much as 50%. This improvement is possible primarily due to the
improved signal acquisition algorithms presented. New algorithms
were then derived for carrier phase recovery and symbol timing
recovery which are mutually independent of eachother. This mutual
independence allows the carrier phase recovery and symbol timing
recovery processes to start in parallel rather than necessarily be
performed in a serial manner and leads to much more robust initial
signal acquisition. Although similar algorithme have been presented
in the past for BPSK signalling, the presented results are new and
applicable specifically to the TOQPSK preamble used in 5 kHz DAMA.
Additional algorithms for steady-state tracking were then addressed
and the results used with first-order Markov methods to assess the
steady-state performance. Finally, detailed simulation was done to
assess the bit error rate performance for 5 kHz DAMA operation at
a symbol rate of 3000 sps. Assuming that the N=¢ Butterworth
transmit filtering is used, the recovered signal constellation at
the receiver integrate-and-dump filter outputs in the absence of
noise is as shown in Figure 9 where elements of intersymbal
interference are clearly visible. The recovered constellation at a
carrier to noise ratio of 3 dB is shown in Figure 10 which
corresponds to operation of the AMST at the specified sensitivity

level for 5 kHz DAMA operation.

Comfocus Corporation 28
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Signal Constellation

t.60
1.20
0.80
0.40
0.00
-0.40
-0.80
-1.20
-1.60
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-2.40

-1.60

-0.80

0.00

0.80 1.60  2.40

Figure 9 Recovered Signal Constellation at Receiver Output

in the Absence of noise

Although considerably more optimization of AMST design parameters
has yet to be completed, the {uncoded) bit error rate performance
was assessed under the assumptions given in Appendix V for 5 kHz
DAMA operation using computer simulation as shown in Figure 10.

RBit Error Rate

(Uncoded)

10-4k -~ b= = o - -

Figure 10

comFocus Corporation
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The fourth and final cornerstone concept presented in [2] was
that

" pigital signal processing functions should be performed
utilizing distributed processing techniques in the form of
application~specific~integrated=-circuit (ASIC) gate array type
technologies in order to maximize the information bandwidth
through the radio. Microprocessor elements should only be used
for control functions in order to avoid processor bottlenecks.
Each ASIC should be configured with a "high-level” command
interface with the controlling microprocessor thereby
delivering a maximum degree of modularity within the digital
portion of the radio."

Conceptually, the algorithms developed in this report support this
move toward more distributed processing. However, the scope of this
present effort and the funding in Phase II preclude any direct path
to gate array implementations, custom or semi-custom. Some of these
issues were discussed in Appendix XIII. Actual implementation of
the major runctions is aadressed in more detall in the next section
of this report, but in general, the Phase II effort will
necessarily make use of much less dense FPGA device technologies.

A substantial amount of information pertaining to DAMA and
COMSEC signal processing is contained in Appendix X where the
intensive signal processing elements required for signal reception
and demodulation have been lumped into the DSP block immediately
following the RF front-end electronics. Since the AMST effort will
certainly not be developing COMSEC devices even in Phase III, the
highly integrated ASIC solutions for COMSEC presently available
have been adopted for the AMST. COMSEC related hardware 1s
discussed at length in this appendix. The remainipg digital signal
processing areas involved with signal demodulation are shown as
functional areas in the detailed AMST block diagram which follows,

Figure 11.

comForms Coxporation 30
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4.0 ST Haydwa etali

. A detailed block diagram of the complete AMST is shown in
Figure 11 where the primary emphasis has been placed upon the non-
R$D hargware elements of the radio. In this section, a detailed
dlscu581on'of the proposed AMST approach is outlined drawing wpon
the technical findings which are reported in the technical
appendices.

The RED portion of the radic is discussed at length in
Appendix X and will not be addressed here. In that appendix, power
estlmatgs and real estate estimates for all of the RED signal
processing is provided. It is shown that the circuitry fits within
the radio volume allocated for this group of functions. Since all
of th COMSEC functionality is essentially pre-defined by NSA, this
portion of the AMST is quite straight forward and estimates on size
and power consumption are only needed in order to assist in
budgeting the other radic functionality across the remainder of the
radio volume available.

UHF Portion of the AMST

The UHF RF portion of the AMST is shown in substantial detail
in Figure 11A. Although all of the details may be found in the
appendices, an abbreviated discussion will be presented here to
illustrate the key elements of our approach.

The first evidence of cosite considerations in our approach is
the inclusion of the pre-selection filtering at the front-end of
the radio (upper left hand corner). As discussed in Appendix XII,
this filtering is crucial in order to permit multiple AMST units to
operate in reasonably close proximity to one another. The same
filtering path is used in the transmit mode between the driver and
power amplifier stages in order to reduce the noise floor for
similar reasons. This filtering element represents a very key
element in the AMST concept.

Focusing upon the receive path first, the deesired signa]_. ig
first up-converted to a high IF of 1054 MHz in order to achieve
very good spurious performance, and then down-converted to.a nmach
lower IF of 71.2075 MHz. A summing loop is used to combine the
frequency synthesizer output with the second local qscillator as
shown for the first mixing operation. An auxiliary IF input port is
shown to support reception of the cellular band, or other frequency
bands if so desired. The 71.2075 MHz IF signal can then be despread
if necessary for spread-spectrum reception. The ghip rate suppogted
must be less than approximately 1.5 MHz. Following this oper@tlon,
the IF signal is downconverted once more to 10.6925 MHz and finally
to a final IF of 456 kHz for UHF reception, 461.7 kHz for US
digital cellular #/4-DQPSK. ' -

The multiple IF approach used in the receive path 1s
instrumental in supporting excellent spurious performance for both

comFocus Corporation 31
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